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Abstract 
 
Rising energy consumption in countries such as India has led to increase interest in the 
conversion of solid waste into usable products such as fuels. Of the various processes that 
can be used to convert solid waste into fuels the pyrolysis process has been identified as 
having significant potential. In this study the pyrolysis (conversion) of three components of 
municipal solid waste: kitchen based vegetable waste, plastic waste and activated sludge, 
was investigated. 
 
Prior to conducting pyrolysis studies the wastes of interest were air dried and characterised 
using thermogravimetric analysis (TGA) and elemental analysis. Pyrolysis experiments 
were conducted in a nitrogen atmosphere in a specially designed in-house built reactor on a 
batch mode basis. The thermal decomposition of the waste’s studied were evaluated over a 
temperature range of 673  1073 K and retention time varying from 60 to 180 min. The 
quantity of solid, liquid and gaseous products generated from pyrolysis experiments were 
determined in all tests. The gaseous products were analysed for hydrogen, methane, ethane, 
propane and carbon-di-oxide. Liquid products obtained were analysed using Gas 
Chromatography-Mass Spectroscopy for selected tests. The solid products obtained were 
not analysed for specific substances / compounds as it was assumed that this consisted 
mostly of carbon. The solid products obtained from selected tests were analysed using 
Scanning Electron Microscopy and BET surface area analyser. Pyrolysis experiments were 
also done in the presence of additives (silica gel / sand), these additives were mixed with 
the dry waste samples in the ratio of 1 (silica gel / sand):9 (dry waste) prior to being 
subjected to pyrolysis. Also to understand the potential of the wastes studied as renewable 
sources of energy, a comprehensive energy analysis (based on net energy gain or loss) over 
the pyrolysis process was carried out. 
 
Pyrolysis studies conducted using kitchen based vegetable waste (KVW) showed that 
temperature and retention time had a significant influence on the amount and composition 
of the products generated. Increasing both temperature and residence time led to an 
increased amount of gaseous products. The addition of silica gel / sand improved the 
quality of gas (with regards to hydrogen and methane composition). A maximum of either 
1 MWh of electrical power or 95 m
3
 of gas (composed of hydrogen and methane) can be 
produced from pyrolysis of one ton of KVW. 
 
xiv 
 
Research was also conducted on utilizing the char (one of the products generated from 
pyrolysis of KVW) as an adsorbent for the removal of dye compounds from aqueous 
solution. The char was converted to activated carbon through acid-base treatment prior to 
its application as an adsorbent. Four non-linear kinetic models and four non-linear 
isotherm models were applied over the adsorption data to study the kinetics and the 
isotherms of the adsorption process. 
 
Pyrolysis studies conducted using plastic wastes showed that temperature had a significant 
influence on the amount and composition of the products generated. Pyrolysis of 
polystyrene led to significantly higher hydrogen and oil yields as compared to those 
obtained from pyrolysis of polyethylene and on the other hand, hydrocarbon yields were 
higher from pyrolysis of polyethylene than those obtained from pyrolysis of polystyrene. 
The addition of sand reduced the gas and oil yields from pyrolysis of polystyrene and 
polyethylene. 
 
Pyrolysis studies conducted using mixtures of KVW and plastic wastes showed that that 
the mixing had a significant influence on the amount and composition of the products 
generated. The ethane and propane yields reduced significantly while the methane and 
carbon-di-oxide yields increased due to addition of plastic waste to KVW. 
 
Pyrolysis studies conducted using activated sludge showed that temperature and retention 
time had a significant influence on the amount and composition of the products generated. 
Increasing both temperature and residence time led to an increased amount of gaseous 
products. The addition of silica gel / sand reduced the hydrogen and methane yields. A 
maximum of either 478 kWh of electrical power or 31 m
3
 of gas (composed of hydrogen 
and methane) can be produced from pyrolysis of one ton of activated sludge. 
 
  
 
1. Introduction and Literature Review 
 
1.1. Introduction 
India, which is the second most populated country in the world, has a total population of 
1.21 billion (2011) accounting for 17.5% of the world’s total population. India’s 
population is also expected to reach 1.4 billion by 2026. Rapid urbanization, 
industrialization and population growth in India have however led to severe waste 
management problems in several cities of India. Due to uninterrupted relocation from rural 
and semi-urban areas to towns and cities the share of urban population in India has 
increased from 10.84% (1901) to 30.24% (March, 2012) [CPHEEO, 2000; MoSPI, 2012]. 
The per capita waste generation rate, which varies mostly based on the size of the city, is 
between 0.2 and 0.87 kg/d [MoF, 2009]. India is facing a significant challenge with regards 
to solid waste management (SWM). 
 
The current SWM services used in India are costly, inefficient and sometimes improper. 
Improper municipal solid waste (MSW) disposal can pose a threat to human health, 
degrade the quality of the environment, accelerate soil and water degradation and have 
negative impact on the air quality through release of methane. In order to reduce the 
aforementioned negative impacts there has been increasing interest in processes that 
convert waste into value added products, such as fuels and adsorbent materials. 
 
Rising energy consumption in countries such as India have led to the conversion of solid 
waste into fuels receiving increasing interest. The electrical power requirement in India 
was 998,114 GWh/month during the year 2012-13 and is expected to rise by approximately 
5% by 2013-14. Though there was an increment in the power generation capacity by 
addition of 18432 MW during the year 2013-14 the deficiency was 6.7% [CEA. 2013]. The 
total number of vehicles in India also increased from 55 million in 2001 to 141.8 million in 
2011 [MRTH. 2012], which in turn lead to significantly increased demands for fuel. To 
satisfy the increasing energy needs of countries such as India, and other countries in the 
world, through increased use of fossil fuels it has been reported that this would lead to the 
depletion of all fossil fuel deposit within 35 years [Shafiee and Topal, 2009].  In addition, 
the use of fossil fuels releases greenhouse gases (GHG) which are a cause of global 
warming. Hence, utilizing MSW towards energy production is of significant interest 
worldwide.
Chapter 1 
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1.2. Indian Scenario 
1.2.1. Municipal solid waste (MSW) generated in India 
Before discussing the research that has been conducted on the conversion of solid waste to 
fuels it is important to briefly discuss the types of wastes that are generated. As the focus 
of this project was to investigate the conversion of solid wastes generated in India, only 
these types of wastes are discussed here. MSW includes commercial and residential wastes 
generated in municipal or notified areas in either solid or semi-solid form excluding 
industrial hazardous wastes. It consists of household waste, waste from hotels and 
restaurants, construction and demolition debris, sanitation residue and waste from streets. 
According to a report published by the Ministry of Urban Development (MoUD), 
Government of India 100,000 million ton per day (MTPD) of MSW was generated in India 
in the year 2000. This increased to 127,486 MTPD in the year 2012 (as per the information 
received from the State Pollution Control boards/Pollution Control Committees). Of the 
aforementioned waste approximately 70% is collected and 12.45% is treated [CPCB, 
2012]. The bio-degradable portion dominates the major portion of the MSW (Fig. 1.1) 
however rapid industrialization and the ever changing life style of the population makes 
the composition dynamic. The recyclable materials that are found in the waste include 
glass, some plastic, paper and metals (Fig. 1.1). These materials undoubtedly have 
significant reuse value. The bio-degradable and combustible portion can be handled 
through processes such as composting and gas recovery technologies. The inert material in 
the waste, such as construction debris, is generally sent to landfill. Specific characteristics 
of the MSW generated in Indian cities are given table 1.1. Municipal solid waste 
management (MSWM) in India is a significant challenge due to financial constraints, gaps 
at the operational level, insufficient staff and weak infrastructure. Some of the challenges 
pertaining to these issues are listed in the table 1.2. 
 
 
Figure 1.1: Classification and composition of MSW in India 
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Table 1.1: Characteristics of MSW (% wt) generated in India 
Population range 
(millions) 
Paper 
Rubber & 
Plastic 
Glass Metals 
Organic 
matter 
Inert 
0.1 – 0.5 2.91 0.78 0.56 0.33 44.57 43.59 
0.5 – 1.0 2.95 0.73 0.35 0.32 40.04 48.38 
1.0 – 2.0 4.71 0.71 0.46 0.49 38.95 44.73 
2.0 – 5.0 3.81 0.48 0.48 0.59 56.67 49.07 
>5.0 6.43 0.28 0.94 0.80 30.84 53.90 
 
Table 1.2: Key issues in MSW management 
Operational level gaps Low capacity Infrastructure issue 
Low service coverage area Inadequate manpower Transport equipment 
Low waste collection efficiency Poor technical expertise Secondary storage infrastructure 
Low waste processing Shortage of funds Waste processing technology 
Unscientific disposal of waste   
 
1.2.2. Activated sludge generated in India 
Activated sludge is a semi-solid precipitate produced when wastewater is treated through 
the activated sludge process (ASP). The nature of the sludge depends on the wastewater 
treatment process and the source of wastewater. It can contain both toxic and non-toxic 
organic compounds. Toxic organic compounds found in sludge include poly-nuclear 
aromatic hydrocarbons (PAH), alkyl phenols, poly-chlorinated biphenols (PCB), organo-
chlorine pesticides, monocyclic aromatics, chloro-benzenes, aromatic and alkyl amines, 
poly-chlorinated dioxins, etc. In addition, the sludge also contains traces of heavy metals 
viz, lead, arsenic, selenium, etc [Aktar and Sengupta]. It is estimated that around 38 billion 
litres of waste water are generated in India every day out of which only 30% is actually 
treated [EAI, 2011]. It can be estimated that 2000 TPD (~150 mg of sludge per litre of 
sewage; 65% moisture) of activated sludge (dry basis) can be produced if all the 
wastewater produced is treated through ASP. The key challenges in sludge management 
are the adverse effects on the human health and the surrounding ecosystem. The specific 
problems encountered are pathogen transmission, odour emission and entry of toxicants 
and heavy metals into the food chain through aquatic ecosystem. 
 
1.3. Kyoto protocol and carbon credits for waste to energy in India 
All the kinds of waste generated (excreta, waste water, waste water sludge, MSW, etc) are 
sources of greenhouse gases (GHG). Though MSW management accounts for a small 
amount of greenhouse gas emission (also called carbon foot prints) as compared to other 
sectors like power plants concrete steps have been taken up to reduce the carbon foot 
prints. The Kyoto Protocol is an international agreement linked to the United Nations 
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Framework Convention on Climate Change. The major feature of the Kyoto Protocol is 
that it sets binding targets for 37 industrialized countries and the European community for 
reducing greenhouse gas (GHG) emissions. The three mechanisms Kyoto Protocol 
provides to help countries meet their GHG emissions targets are emission trading, joint 
implementation and clean development mechanism (CDM). 
 
The protocol provides commitment to quantitative emission reduction targets and an 
opportunity to mitigate emissions through the Clean Development Mechanism (CDM). The 
efforts put in by the projects to reduce GHG emissions have the potential to qualify as 
CDM project activity and earn CERs (Certified Emission Reductions) or popularly known 
as Carbon Credits. These CERs can be traded and sold or can be used by industrialized 
countries to meet a part of their emission reduction targets under the protocol. Solid waste 
management practices release high quantities of greenhouse gases in the atmosphere. This 
sector therefore creates significant opportunities for carbon mitigation, which could 
eventually become tradable carbon credits. 
 
1.4. Waste to energy recovery techniques 
Most of the waste generated is either dumped into land or water bodies without appropriate 
treatment causing health hazards and degradation of air quality. The problems caused due 
to this activity can be mitigated by adopting environment friendly waste–to–energy 
technologies that would treat and reduce the waste and also produce fuels from them. 
Though coal is known to be the top energy producing fuel, the conversion of waste to 
energy may not be the substitute to coal but, can conserve the fossil deposits and 
environment. These technologies can be primarily classified into three basic techniques, 
namely, bio-chemical, electro-chemical and thermo-chemical. 
 
1.4.1. Bio-chemical methods 
These processes are based on enzymatic decomposition of biodegradable organic matter by 
microbial action and produce methane, alcohol, fatty acids, etc. The technology falling in 
this category is anaerobic digestion. It is the conversion of organic matter directly to gas by 
the action of bacteria in an anaerobic environment. The gas is called biogas and is mainly a 
mixture of methane and CO2 with traces of other gases like H2S and CO. This is a 
commercially proven technology and widely used for organic wastes with more than 80% 
moisture content. This biogas can be directly fed to gas turbine to generate electricity. The 
overall conversion efficiency from biomass to electricity is 10 – 16%. The process occurs 
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in four reaction steps namely, hydrolysis, acidogenesis, acetogenesis and methanogenesis. 
Depending upon the temperature at which the process is carried out, the process is 
classified into three types, namely, physchrophilic (<20  C), mesophilic (20 ‒ 45  C) and 
thermophilic (45 ‒ 60  C). 
 
1.4.2. Electro-chemical methods 
This method typically refers to microbial fuel cell (MFC). These systems are developed to 
trap energy from wastes, where the redox machinery of immobilized microbial cells is 
catalytically exploited, for the accelerated transfer of electrons to generate electricity and 
hydrogen gas. 
 
1.4.3. Thermo-chemical methods 
This process entails thermal decomposition of non-biodegradable organic matter to 
produce energy or fuel. The technologies falling in this category are Combustion, 
Incineration, Pyrolysis and Gasification. The products can be used purely as heat energy or 
chemically produce range of end products. 
 
1.4.3.1. Combustion 
This process is simply burning the waste in air and produce hot gases. It converts the 
chemical energy stored in waste to heat, mechanical or electrical energy through process 
equipment like stoves, furnaces, boilers, turbo-generators, steam turbines, etc. it is possible 
to burn any kind of waste but in practice it is feasible for moisture <50%. The scale of 
combustion plant ranges from domestic level heating to a large industrial plant. 
 
1.4.3.2. Incineration 
Incineration is a common technique to treat the waste. This process reduces the waste to a 
great extent (70% by mass and 90% by volume). Incineration of MSW results in 
production of air pollutants (oxides of nitrogen, sulphur and carbon). Thus the process 
requires a good air pollutant control accessories. The process when combined with energy 
recovery system produces energy in form of steam or electricity. The process takes place 
between 1023 K and 1273 K.  
 
1.4.3.3. Pyrolysis 
Pyrolysis is a thermal method of treatment of waste by heating it in inert atmosphere. The 
products of the process are purely solid, liquid and gaseous fuels. This process is 
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advantageous over combustion and incineration as there is negligible pollution, low capital 
cost and storable/transportable fuel and chemical feed stock is produced. The process is 
broadly classified into three sub classes based on the operating parameters (table 1.3). 
 
Table 1.3: Sub classes in pyrolysis process 
Parameters 
Sub classes 
Slow Fast Thermolysis 
Temperature (K) 550 - 900 850 - 1250 1050 - 1300 
Heating rate (K/sec) 0.1 – 1.0 10 – 200 >1000 
Particle size (mm) 5 - 50 <1 <0.2 
Retention time (sec) 300 - 3600 0.5 - 10 <0.5 
 
1.4.3.4. Gasification 
It is a process of partial combustion of waste to produce synthesis gas and char. The gas 
composition depends on the operating conditions and design of reactor as it generates few 
hydrocarbons also. Broadly gasification is a thermo-chemical conversion of carbon based 
material into combustible gaseous product by gasification agents through series of 
heterogeneous reactions. The heterogeneous reactions are: 
 
Partial Oxidation:  COOC  22/1              ΔH = -268 MJ/kg mol 
Complete Oxidation: 
22 COOC    ΔH = -406 MJ/kg mol 
Water gas reaction: 
22 HCOOHC   ΔH = +118 MJ/kg mol 
Water gas shift:  
222 HCOOHCO   ΔH = -42 MJ/kg mol 
Methanation:  OHCHHCO 2423   ΔH = -88 MJ/kg mol 
All the reactions are in equilibrium and proceed depending on the temperature, pressure 
and concentration of reacting species. Three product gas qualities can be produced from 
gasification by varying the gasifying agent, method of operation and operating conditions.  
The main gasifying agent is air, but oxygen/steam gasification and hydrogenation are also 
used. In general, products of MSW gasification are ash, oils and combustible gases (CO, 
H2 and hydrocarbons). 
 
Table 1.4: Thermochemical methods 
Thermochemical methods 
Parameters 
Temperature (K) Medium 
Combustion 600-700 Air 
Incineration 1000-1200 Air 
Pyrolysis 550-1300 Nitrogen 
Gasification >973 Steam and air/oxygen 
 
Chapter 1 
7 
 
1.4.4. Advantages of pyrolysis over other energy recovery techniques 
An anaerobic digestion process has a few limitations over pyrolysis like two phase process, 
fall in pH leading to inhibition of bacterial activity, high retention time [Bouallagui et al., 
2005] and also require pre-treatment of biocatalyst [Lopez Torres et al., 2008] before the 
start-up. The gasification [Scheidl et al., 1991] and combustion [Solozano–Ochoa et al., 
2012] processes release polychlorinated dibenzodioxins and furans (PCDD/F), while 
pyrolysis process is efficient in reducing such pollutants [Hu et al., 2006] and also produce 
fuels [Islam et al., 2010] and value added products [Velghe et al., 2011]. In addition, 
combustion of solid biomass cause pollution due to emission of SOx, NOx, etc [Williams et 
al., 2012], which can be eliminated in the pyrolysis due to presence of inert atmosphere. 
The waste to energy techniques and their products are shown in figure 1.2. 
 
 
Figure 1.2: Waste–to–energy techniques and products 
 
1.5. Pyrolysis products from municipal solid waste 
As described in the former section the pyrolysis process is a thermo-chemical process 
where the organic material is subjected to high temperature in an inert atmosphere. The 
complex organic material fragments into simpler compounds like, CO2, H2, hydrocarbons, 
fatty acids, alcohols, ketones etc. Parameters that have a significant influence on the 
products generated from pyrolysis of waste include waste particle size, temperature, 
heating rate, retention time and vapour residence time. Some of the inorganic components 
in MSW can also act as catalysts during pyrolysis, which can also have a significant 
influence on the products generated [Saxena et al., 2008]. 
 
Wu and co-workers investigated the properties of products and their distribution from 
pyrolysis of waste newspaper over a temperature range of 650‒950 K at a constant heating 
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rate of 5 K/min in nitrogen atmosphere. Elemental analysis of the solid residues indicated 
that carbon, hydrogen and oxygen were the major constituents of the residue. The C/H and 
C/O ratios of solid residues were higher than that of waste newspaper. The temperature at 
which maximum concentration of H2, CO, CO2, H2O and hydrocarbons occurred were 763 
K, 763 K, 788 K, 663 K, and 913 K, respectively. TGA of the solid residue showed 
significant mass changes at 500‒640 and 640‒950 K, respectively. The first main reaction 
was devolatization, where the lighter compounds (H2, H2O, hydrocarbons) were released. 
The second main reaction was gasification in the temperature range 640‒950 K, where the 
volatiles (CO, CO2, hydrocarbons) were formed. The results indicated that non-
hydrocarbon compounds were more than the hydrocarbons in the gaseous products [Wu et 
al., 2003]. 
 
Buah et al performed an intensive study on the effects of various pyrolysis parameters on 
the pyrolysis products of MSW in form of refuse-derived fuel (RDF) in a fixed bed reactor. 
Temperature was shown to have a significant influence on the yield and composition of the 
pyrolysis products. As the temperature was raised from 400  C to 700  C, the char yield fell 
from 49.8 to 32.3% while the oil and gas yields improved from 30 to 50% and 18.6 to 
20.1%, respectively. The particle size characteristics of chars at 500 – 700  C were similar, 
whilst the char obtained at 400  C contained more coarse particles. This indicated that the 
low pyrolysis temperature favour formation of harder chars. The surface area of char was 
observed to improve with temperature. The percentage of fixed carbon and ash content in 
char increased with temperature and a reverse phenomenon was seen in the case of 
volatiles. Evolution of CO and CO2 was mainly observed at low temperatures and H2 at 
high temperatures. The evolution of gases during heating to 700  C occurred mainly within 
two temperature ranges. Evolution of CO and CO2 occurred mainly at lower temperatures, 
between 200  C and 480  C, and H2 with lower concentrations of CO and CO2 at higher 
temperatures between 580  C and 700  C. The FTIR spectra of oil samples indicated the 
presence of alkenes, carboxylic acids and their derivatives, polycyclic and substituted 
aromatics [Buah et al., 2007]. 
 
Saffarzadeh and co-workers investigated the characteristics of slag products derived from 
the pyrolysis/melting and plasma/melting treatment of MSW using petrographic 
techniques. Water quenched and air cooled MSW slag samples were collected from four 
different pyrolysis/melting facilities, processing fresh waste from surrounding areas. The 
petrographic thin sections prepared from slag samples of pyrolysis origin indicated a 
Chapter 1 
9 
 
vesicular glassy texture with visible thin-layered flow pattern. These observations in 
association with EPMA (electron probe microanalysis) showed the glassy matrix of these 
slag types composed of low and high-silica glasses that were put together with sharp 
boundaries. Some of the minerals identified by petrographic studies were spinel, melilite, 
pseudowollastonite, tiny quench crystallites and heavy metal-rich inclusions. The 
microscopic observations revealed that the shapes of heavy metal-rich inclusions were 
spherical to semi-spherical and the size varied from submicron to 100 µm in diameter. 
Both the optical microscopy and the electron probe microanalysis indicated that iron and 
copper participate in mutual substitution and different proportions, and form two-phase Fe-
Cu alloys. The BSE image from Fe-Cu complex in an air cooled slag depicted that the 
bright area was chiefly composed of metallic copper while the darkest zone was rich in 
iron. The intermediate zone was Fe-Cu-Ni alloy and the chemical formula proposed was 
Fe0.85Cu0.09Ni0.06. The concentration of heavy metals in pyrolysis slag was almost six times 
higher than that in plasma slag [Saffarzadeh et al., 2009a]. 
 
Jiao and co-workers studied the pyrolysis of six types of organic wastes present in MSW 
and their mixtures in a TGA apparatus. The six types of organic wastes were recycled 
paper, wood chips, LDPE, dry vegetable matter, waste tire and cotton cloth. The 
aforementioned were dried at 80 °C for 8 h and crushed to 0.2 mm size prior to use. The 
pyrolysis of both single- and two-component mixtures were carried out at 750, 850 and 
950 °C with the heating rate as high as 864.8 °C/min. The TGA curves of each component 
at different temperatures were similar. However a marked variation in the position and 
range of peaks was observed. The increase in temperature accelerated the reaction rate but 
the influence of temperature on the mechanism was reduced. The experimental and 
calculated fast pyrolysis parameters were similar, which concluded that the two component 
interactions were negligible [Jiao et al., 2009]. 
 
Saffarzadeh and co-workers studied the MSW slag materials derived from pyrolysis 
melting plants on the grounds of petrology in order to discriminate the glass and mineral 
phases and a petrogenetic model was proposed for molten slag formation. The slag 
products were silicate based materials with varied amounts of major, minor and trace 
elements. The oxides of calcium (23‒27%), aluminium (12‒15%) and silica (38‒43%) 
were the main components and basis of silicate melt. The silicate slags also contained an 
appreciable amount of hazardous heavy metals (Zn, Cu, Cr, Pb). Among the various heavy 
metals, Zn was most abundant. The petrogenic thin sections of slag samples indicated 
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vesicular glassy texture with thin-layered flow pattern. The microanalysis showed that the 
glassy matrix of slag composed of glasses of different composition. Spinel was detected as 
one of most important mineral phases in the slag samples. Euhedral Zn-rich and Cr-rich 
spinels were embedded in the low and high silica glasses, respectively. They were formed 
as individual crystals or mainly aggregates and varied from several microns to a millimetre 
in size. Melilite groups of minerals were common constituent of industrial slag samples. 
Subhedral to euhedral microphenocrysts of melilites were present in samples from 
pyrolysis melting plants. Large size euhedral crystals of pseudowollastonite were identified 
in air cooled slag samples. The optical microscopy images showed presence of elongated 
and stale shaped crystals of pseudowollastonite mineral, scattered along specific zones 
within the glass. Some of inorganic materials which survived the thermal treatment either 
due to their melt temperatures were not reached or time was insufficient to melt completely 
formed refractory products. Aggregates of quartz and scattered feldspars were the most 
common refractory particles found in slag samples. The slag components were classified 
into melt and refractory products. The melts were sub-classified as glass and minerals, 
each had specific textures. The studies proposed that well processed slag material is mainly 
composed of glass components [Saffarzadeh et al., 2009b]. 
 
Luo and co-workers investigated the effect of particle size on the composition and yields of 
product from pyrolysis of three MSW components. The three MSW components selected 
were plastics, kitchen garbage and wood. The MSW components were separately crushed 
and sieved into three different size fractions (0‒5, 5‒10 and 10‒20 mm). For all the 
samples tested, the gas yield was observed to decrease with increase in particle size. The 
effect of particle size on gas yield was justified based on aspect that the smaller particle 
size improved the heat and mass transfer and hence produced higher amount of light gases. 
Plastics, among the samples, had highest gas yield due to ease in breaking of the molecular 
structure and high volatile content. The gas yield from kitchen garbage was found to be 
highly sensitive towards the particle size; decrease in particle size increased the gas yield 
by 82.8%. The less increase (27.5%) in gas yield from wood was observed in same size 
variation but, no effect was seen in from plastic due to its 100% volatility. The main 
components identified in gas were H2, CO and CO2 with small amounts of C1 and C2 
hydrocarbons. The concentration of CO2 in gas from all the samples reduced with 
reduction in particle size while an opposite behaviour was observed with the concentration 
of CO and H2. The C2 hydrocarbon content in gas from wood was relatively small and 
increase slightly with reducing particle size. While the variation in the hydrocarbon content 
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in gas from kitchen garbage was monotonic. The weight percentages of char and tar were 
directly proportional to particle size for all the three samples. A minor variation in tar yield 
was observed with plastic particle size with no char produced. The tar and char yields from 
wood and kitchen garbage had a significant decrease with decrease in particle size and the 
tendency was more pronounced for kitchen garbage than for wood. The ash content in char 
from kitchen garbage and wood increased with decreasing particle size [Luo et al., 2010]. 
Miskolczi and co-workers focused on improving the quality of oils produced by pyrolysis 
of refuse-derived fuels (RDF). Miskolczi investigated the influence of different catalysts 
(acidic zeolites, alumina-silica, alumina and mixed metal oxides) on product composition, 
impurities, densities, heating values and octane numbers. The gas and oil yields increased 
in the range of 32.9‒76.5% and 15.2‒81.2%, respectively depending on the type of 
catalysts used. The maximum gas and oil yields were obtained with the ZSM-5 and Y-
zeolite catalyst, respectively. The water yield increased from 9.2% (non-catalytic) to 
12.8% (Ni-Mo catalyst) was the result of dehydration reaction of paper and organic content 
in the RDF. The catalysts facilitated the de-oxygenation of oxygenated hydrocarbons and 
finally produced water and oil with low oxygen content. CO and CO2 were the major 
components of gas with lowest and highest yields observed in non-catalysed (58.6%) and 
Co-Mo (70.5%) catalysed pyrolysis. The non-catalytic pyrolysis resulted in 18.1%, 58.3% 
and 23.6% of aromatic, non-branched and branched compounds, respectively. ZSM-5 and 
Y-zeolite demonstrated greatest activity. Phenol, methyl phenol and benzene 1,3-diolwere 
the major aromatics compounds present in the pyrolytic oil. The heavy oil formed in the 
process was grease like and dark brown in colour. The average carbon number of 
compounds calculated based on average molecular weights were 36-38 and 38 with and 
without catalysts, respectively. The melting point and flash point were in the range 53-58  C 
and 251-263  C, respectively. The heavy oil was water free but contained quite high levels 
of impurities (S, N and Cl). The catalysts reduced the levels of impurities by cracking the 
C-X bonds in their pore sites. The small pore size of catalysts disallowed the cracking of 
hydrocarbons thus, reduced the levels of impurities. The calorific value of heavy oil was 
around 41.0 MJ/kg [Miskolczi et al., 2011]. 
 
Li and co-workers studied the pyrolysis of organic concentrate from MSW treatment plant 
in a bench scale fluidized bed reactor over a temperature range of 350‒540  C. Alumina 
was compared with activated olivine sand as bed materials for bio-oil yield. The high 
volatile matter to fixed carbon ratio of 6.5 indicated the feedstock to be rich in cellulose 
related compounds. The high ash content (21%) indicated that the direct combustion of 
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organic matter could cause ash agglomeration and fouling problem. The calorific value of 
sample is 19.0 MJ/kg (dry ash free basis). The oil yield in presence of activated olivine 
sand was 31% and 50% at temperature 350  C and 400  C, respectively, far better when 
compared to only 20% with alumina at 400  C. The carbon and hydrogen content of bio-oil 
with Al2O3 increased from 54.0% to 55.2% and 5.9% to 6.1% when temperature was 
increased from 350  C to 500  C, respectively. With activated olivine sand, the carbon and 
hydrogen content increased from 54.7% to 64.0% and 6.3% to 7.7% with increase in 
temperature from 350  C to 500  C, respectively. The O/C ratios of bio-oils with activated 
olivine sand at 400  C and with Al2O3 at 500  C were equal. Also the H/C ratio of with 
activated olivine sand was much higher than that for bio-oil generated with Al2O3 same 
temperature. The use of activated olivine sand when compared to alumina improved the 
quality of bio-oil by reducing the oxygen content and increasing the calorific value. The 
bio-oil produced at 350  C with Al2O3 was dominated by carbohydrate related oxygenated 
compounds while that produced with activated olivine sand at same temperature was 
dominated by aliphatic fatty acids [Li et al., 2011]. 
 
Singh et al reported the characterisation and assessment of the volatile species generated in 
pyrolysis of wood waste, refuse derived fuel (RDF), waste plastic and waste tyre through 
TGA-FTIR and TGA-MS. The thermogram of waste RDF showed three peaks; first at 
~100 °C due to inherent moisture, second peak was most significant at 240‒380 °C and the 
third was smaller at 400‒500 °C. The waste plastic TGA curve had two peaks at ~300 °C 
and ~470 °C. The wood waste presented a single weight loss peak at 200‒400 °C. The 
FTIR spectrum of wood waste, RDF depicted presence of moisture but the same was 
absent in waste tyre and waste plastic. The absorption band in the range 2240 and 2060 cm
-
1
 present in the FTIR spectra of only wood waste and waste plastic indicated the presence 
of CO. The absorbance peak corresponding to CO2 was present in the spectrum of all the 
waste materials. The presence of absorbance peak in the region 2800‒3200 cm-1 in the 
thermogram of waste tyre and wood depicted the presence of carboxylic acid and alcohol 
functional groups. The TGA-MS spectra show that CO and NH3 were dominant gaseous 
species in all waste samples with HCN being prominent in waste plastic while the TGA-
FTIR did not display any characteristic peak associated with NH3. It was observed that the 
FTIR spectra detected presence of cyuranic acid for waste wood and RDF. The error in the 
TGA-MS was due to ion interference with other ionic species that possess same mass to 
charge ratio as NH3 [Singh et al., 2012]. 
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Zhou et al investigated the pyrolysis behaviour of pelletized municipal solid waste 
including devolatization rate, heat transfer properties, char properties and 
swelling/shrinkage properties in a fixed bed reactor over a temperature range from 450  C 
to 900  C. The heating step in the pyrolysis process was observed to have two phases. The 
first phase, primary phase mainly involved removal of volatile organic matter from the 
pellets. The primary decomposition of most of the components begins in the temperature 
zone from 350  C to 400  C. The heating rate was slow due to the endothermic reactions of 
primary pyrolysis and the conductivity decreased due to the porous structure of char. The 
second phase was merely the heating of carbonaceous char remained after the de-
volatilization. The liquid product from the pyrolysis of the plastic contained in the waste 
plays a crucial role in triggering the risk of bridging in the retorting zone. A significant 
effect of temperature on the conversion of pelletized waste was observed. A total of 83% 
of the RDF sample was converted in the first 100 s at 800  C whereas the respective 
residues for 700  C and 600  C were 26% and 72% of the initial sample. When the 
temperature was reduced to 500  C or lower, it was impossible to reach the conversion 
levels obtained at 700  C or higher, even when the operation times were much longer. The 
sample initially experienced a slight swelling and subsequently a significant contraction 
was observed. The swelling ratio was observed to increase ominously when the 
temperature reached 180  C, a temperature at which plastics start to melt and enter the 
thermoplastic transition. Also evaporation of moisture and volatiles, the pyrolysis of 
cellulosic groups burst through the particle resulting in the formation of an unstable liquid 
contributing to the swelling ratio. The SEM image of char produced at 550  C from 
pyrolysis of RDF illustrates the surface to be covered by a thin layer of smooth material 
generated due the plastic melting during pyrolysis process. With increase in temperature 
the fluffy structure of the char was predominant and the fluffy filamentous fibres increase 
the integrity of the solid waste particle [Zhou et al., 2013]. 
 
1.6. Pyrolysis products from sludge 
Shie and co-workers studied the catalytic degradation of oil sludge in the presence of 
additives containing sodium (NaOH, NaCl, and Na2CO3) and potassium (KOH, KCl, 
K2CO3) based compounds. The catalytic degradation was performed in a 
thermogravimetric reaction system at a temperature-programmed heating rate of 5.2 K/min 
over a temperature range of 378‒740 K in a nitrogen atmosphere. The added NaCl, KCl, 
Na2CO3 and K2CO3 were unaffected by the process, however added NaOH and KOH were 
found to decrease with increasing temperature. The conversion of the oil sludge studied 
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into gaseous products was observed to be significantly lower in the presence of all of the 
additives studied. Elemental analysis of the residual mass after the pyrolysis process 
showed that the C/H ratio was lowest when NaOH was added. The additives also improved 
the quality (in terms of the percentage of oxygenated compounds generated) and the 
quantity of oil. The pyrolysis oil obtained in the presence of KOH was between diesel oil 
and fuel oil [Shie et al., 2003]. 
 
Shen and Zhang studied the effect of temperature and gas residence time on the product 
distribution from pyrolysis of activated sewage sludge in a fluidized bed under an inert 
atmosphere. The temperature was varied from 300  C to 600  C and the gas residence time 
from 1.5 s to 3.5 s. The maximum oil yield was 30% (dry ash free basis) at 525  C. This 
result was attributed to the breaking of carboxylic, phenolic and other cellulosic bonds in 
the temperature range 500‒575  C. The decrease in the oil yield above 525  C was believed 
to be due to the secondary decomposition reaction of oil where the carboxylic and phenolic 
bonds cracked to lighter gaseous hydrocarbons. The gases detected in the pyrolysis gas 
were CO, CO2, C1–C3 hydrocarbons and traces of N2O. The yields of all the gases 
increased with temperature with an exception of CO. It was observed that the CH4 yield 
was highest while that of C2H2 and C3H8 was lowest among the hydrocarbon gases. CO2 
was the dominant non-hydrocarbon gas produced. The yields of all the gas species present 
in the pyrolysis gases increased with residence time and the rate of increase was similar for 
all the gases. After 2.75 s the conversion of hydrocarbons stabilized. The maximum oil and 
char yields were obtained at the shortest residence time (1.5 s). The decrease in char yield 
was accompanied by evolution of volatiles from sludge while the oil yield decrease was 
explained by the occurrence of secondary reactions. The H-NMR and GC-MS analysis of 
oil depicted the presence of aromatics, hydrocarbons, alcohols in it [Shen and Zhang, 
2003]. 
 
Punnaruttanakun and co-workers investigated the thermal conversion and pyrolysis 
kinetics of API separator sludge from room temperature to 700  C under an inert 
atmosphere by means of thermogravimetric analysis (TGA). The products were analysed 
using mass spectroscopy. The raw API sludge sample contained 50 wt% solids, 41 wt% 
water and 9 wt% of free oil. The proximate analysis of the sludge depicted 48.1 wt% of 
volatile matter, 11.06 wt % of fixed carbon and 38.36 wt% of ash. To understand the 
pyrolysis behaviour of API separator sludge a series of experiments were carried out using 
different heating rates (5, 10 and 20  C/min). The DTG curve had two distinct mass losses 
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over the temperature range for all heating rates showing two principle reactions. Most of 
the weight loss took place at the first decomposition step and the effect was more 
pronounced at 20  C/min heating rate. The weight loss of the API separator sludge in the 
first decomposition step was due to volatilization of small components such as water, 
acetic acid, chloromethane and small hydrocarbons, indicated by the production of CO2. 
The main pyrolysis took place in the second step and H2 and acetylene were the dominant 
products with hydrocarbons and CO2 being the others. A pseudo bi-component model was 
fit over the experimental data and the kinetic parameters were obtained. The reaction order 
was in the range 1.3‒1.5 and 2.8‒3.0 for the first and second decomposition steps, 
respectively. The activation energies were very low for the volatilization process (37‒40 
kJ/mol) when compared to the main pyrolysis step (125‒160 kJ/mol) [Punnaruttanakun et 
al., 2003]. 
 
Shen and Zhang evaluated the effect of varying temperature and retention time on the 
physical properties and the distribution of products from low temperature pyrolysis of 
sewage sludge that was mixed with the putrescible portion of garbage. Analysis of the 
garbage and sludge samples using 13C-NMR spectra showed a characteristic difference 
between them. The spectrum of the garbage contained distinct peaks while that of sludge 
was very broad. Also the spectrum revealed that sludge had higher proportions of 
oxygenated aromatics responsible for oil formation during pyrolysis process whilst the 
presence of aliphatic and phenol in garbage were responsible for the presence of light 
hydrocarbons in the gaseous products. A sweet odour similar to burnt sugar was noticed in 
the early stages of pyrolysis. However, the odour emanating from the process turned 
pungent as the reaction proceeded. Increased temperature led to increased oil and gas 
yields while that of char and water were reduced. At higher temperatures the gas yields 
increased but, the oil yields did not decrease, submitting that either the oil forming 
precursors were predominant or the primary reaction was faster than the secondary reaction 
at higher temperatures. The decrease in the water yield observed was speculated to be due 
to the occurrence of the water gas shift reaction (section 1.4.3.4). The addition of garbage 
to the sludge had a significant effect on the oil yields where an increase in the mass 
fraction of garbage led to decreased oil yields (and thus proved the presence of more oil 
precursors in sludge than in garbage). Increases in temperature (in the presence of garbage) 
also led to decreased oil yields. Shen and Zhang also investigated the influence of the 
presence of ash on the pyrolysis of sludge. The addition of ash to sludge during pyrolysis 
led to oil with decreased viscosity. This was most likely due to the catalytic activity of ash 
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either on the pyrolysis process or during the contact between the volatiles and char. The 
composition of oil from pure sludge and mixed garbage and sludge feed was different 
particularly with respect to oxygen content. The oxygen in oil from pure sludge was 
predominantly in the form of alcohols whilst for the sludge mixed with garbage was 
predominantly in the form of ketone [Shen and Zhang, 2005]. 
 
Karayildirim and co-workers characterized the gaseous and liquid products from the 
pyrolysis of mixed sludge and oil sludge. The thermo-gravimetric analysis of mixed sludge 
showed a major peak between 200  C and 500  C while that of oil sludge between 100  C and 
350  C. This showed the presence of complex and simple organic compounds in mixed 
sludge and oil sludge, respectively. Pyrolysis of oil sludge produced a larger amount of oil 
than that of mixed sludge. It was also observed that though the oil sludge contained larger 
amount of ash than mixed sludge, the char yields from pyrolysis both types were similar. 
When the oil sludge was pyrolysed, the percentage of aqueous fraction obtained was less 
than the moisture content of sludge. The consumption of water could be attributed to the 
gasification reactions due the catalytic effect of inorganic materials in sludge. The major 
gaseous products from pyrolysis of oil sludge were CO, H2 and CH4 while that from mixed 
sludge was CO, CO2 and C3 alkane. Karayildirim also suggested that the high CO2 yield 
from mixed sludge was due to higher amount of carboxylic acids present in it. Similarly, 
the aforementioned gaseous products from pyrolysis of oil sludge were due to water gas 
reaction. The analysis of gases evolved from pyrolysis of mixed sludge and oil sludge 
depicted presence of H2S. The degradation of bacteria and organic sulphur compounds in 
the former and later types of sludge was the reason for the evolution of H2S. Also the gases 
from pyrolysis of the sludge types had high gross calorific values, making them suitable 
for meeting the energy requirements of the pyrolysis plant. The liquids from pyrolysis of 
the two types of sludge consisted of aqueous and oil fractions. The amount of hydrogen 
and oxygen in the pyrolysis oil from oil sludge were more than that from mixed sludge. 
The calorific value of pyrolysis oil from oil sludge was comparable with that with the 
conventional liquid fuel due to high carbon content in it. The viscosity of pyrolysis oil 
from oil sludge was slightly higher than that of conventional diesel. On the other hand, the 
viscosity of pyrolysis oil from mixed sludge was in the range of fuel oil. The oil from 
pyrolysis of mixed sludge and oil sludge had more of polar and aliphatic character, 
respectively. The infra-red spectra of aromatic fractions indicated the presence of aromatic 
carboxylic acids and 5/6 membered ring aliphatic in oil. Similarly, the infra-red spectra of 
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polar fractions indicated the presence of either aromatic or unsaturated carboxylic acids in 
both the types of oils [Karayildirim et al., 2006]. 
 
Thipkhunthod et al investigated a number of different types of sludge from industrial and 
hospital wastewater treatment plants for pyrolysis behaviour through thermogravimetric 
analysis up to 800 °C. According to the thermogravimetric results, five mass loss 
behaviours were observed dependent on the nature of sludge used. For most of the 
samples, a DTG peak was observed in the temperature range from 120 °C to 180 °C, which 
corresponded to dehydration process. The degree of weight loss in this region depended on 
the nature of individual sludge and varied from 5–10% of the total mass loss. The volatile 
matter content, C/H and C/O of three out of five types of sludge studied were in the range 
42–47%, 6.3–6.7% and 1.1–1.4%. The similar characteristics of the three types of sludge 
were responsible for their similar decomposition behaviour at approximately 300 °C. The 
difference in the decomposition behaviour was observed at approximately 450 °C. This 
peak was believed to be due to the heavy or complex molecules. The C/H and C/O ratios of 
the other two sludge types were significantly low. They also studied the reaction kinetics 
of the pyrolysis process. The mass loss mechanism changed with increase in temperature 
and the decomposition reaction was not complete in a single step. Hence, the kinetics of 
sludge pyrolysis was described by pseudo-single component overall model (PSOM), 
pseudo multi-component overall model (PMOM) and pseudo bi-component separate state 
model (PBSM). The activation energy of the first reaction, corresponding to the main 
pyrolysis at 300  C was constant, while those of the second and third reactions varied 
largely. The typical order of the pyrolysis reaction was estimated to be in the range of 1.1–
1.8. The gaseous products identified from the pyrolysis of sludge through mass 
spectroscopic analysis were H2, CO2, CH3Cl, CH3OH and C1–C4 saturated and unsaturated 
hydrocarbons [Thipkhunthod et al, 2006]. 
 
Sanchez and co-workers carried out an exhaustive qualitative and quantitative analysis of 
pyrolysis oil from sewage sludge at temperature range 350 
°
C to 950 
°
C. The char yield 
reduced with increase in temperature while the gas yield was fairly constant from 350 
°
C to 
550 
°C and increased significantly later. The oil yield increased from 350  C to 450  C and 
reduced further. More than 100 compounds were identified in oil through GC-MS. These 
compounds can be classified into n-alkanes, 1-alkenes, mono-aromatic hydrocarbons and 
their alkyl derivatives, aromatic compounds containing nitrogen and oxygen, aliphatic and 
aromatic nitriles, carboxylic acids, long chain aliphatic amides and polycyclic aromatic 
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hydrocarbons (PAH). The major compounds found at 350  C were hexadecanoic acid, 
tetradecanoic acid, 9-octadecanoic acid, phenol, p-cresol and 1H-indole. The concentration 
of some mono-aromatic hydrocarbons had significant variations with temperature [Sanchez 
et al., 2009]. 
 
Hossain and co-workers investigated the fundamental properties of products from pyrolysis 
of wastewater sludge to determine whether the process could be energy neutral. Three 
types of sludge based on the source of generation were selected for the study. The three 
sources selected were commercial, domestic and industry. Each sludge sample showed 
significant differences in the intrinsic properties. The domestic sample had high ash 
content whereas the sample from commercial sources contained highest volatile matter. 
The trace element analysis of sludge samples showed high concentrations of zinc and 
copper while traces of selenium and beryllium. The mineralogical analysis of sludge 
samples exhibited high concentrations of silica in commercial sample while iron oxide in 
domestic sample. The concentration of phosphorus pentoxide, an important nutrient 
indicator, was high in sludge sample from domestic and industrial sources. The main gases 
identified in the volatiles evolved from pyrolysis of wastewater sludge were H2, CO, CO2, 
CH4, C2H4, and C2H6. The primary gas product from pyrolysis of sludge at low 
temperature was CO2 while CO took over at temperatures above 500  C. The hydrocarbons 
evolved in the temperature range 300  C to 600  C while H2 production started at 300  C and 
continued till the final temperature of pyrolysis. The chromatography results of volatile 
matter of temperatures up to 550  C were applied to calculate the calorific value of the non–
condensable gases from pyrolysis of wastewater sludge. It was found that the theoretical 
heat of combustion of the non–condensable bio-gas was less than the energy required to 
heat the samples to the same temperature. This lead to the conclusion that to pyrolyse the 
samples, an excess energy was required which was possibly through bio–oil combustion. 
The average molecular weight of the bio–oils produced from all the sludge samples was in 
the range 345 to 360 amu. The solid residue of the pyrolysis of wastewater sludge was 
charcoal like rich in carbon and mineral matter. The volatile matter in all the solid residual 
samples was more than 10% while, the ash compositions were all above 60%. The trace 
elements concentration in the charcoal were found to be in the same order and these results 
can be further expanded to determine the agricultural potential of the wastewater sludge 
charcoal [Hossain et al., 2009]. 
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Fonts et al investigated the yield and characteristics of pyrolysis liquid from three different 
types of sewage sludge (S1, S2 and S3). The proximate analysis of the sample S2 depicted 
highest ash content with other components being low while the other two samples had 
similarities in their proximate analyses. The ultimate analysis of samples show that the C/H 
ratio was high for sample S2 than for S1 and S3 while the C/O was same was all the three 
samples. The nitrogen content varied from 3.2‒4.1% was high due to residues of proteins 
and peptides from microorganism used in digestions. Moreover, the FTIR analysis 
identified the presence of carboxylic acid, alcohols, amines, primary and secondary 
amides, alkanes, alkenes and aromatics. The product yields were calculated on dry ash–
free basis and significant differences were found between the three samples. The solid and 
liquid yields were high in S1 and S3 types of sludge while the gas yields were high in the 
S2 type. It was observed that the gas composition from the sludge pyrolysis was strongly 
affected by the type of sample. The pyrolysis of S3 type sludge had highest portions of 
CO2 in gas while S1 had high CO in its pyrolysis gas. It was observed that the sample S2 
yielded high H2 and was due to catalytic effect of high ash content in dehydrogenation 
reaction. The lower heating values (LHV) of the gaseous products from sample S1 and S2 
were higher than from S3. The liquid produced from sewage sludge S2 was less viscous 
compared to that from S1 and S3. These differences in the appearance of liquids were 
related to the catalytic activity of ash content in sludge S2. The chemical composition of 
liquid was studied through GC-MS and GC-FID. The compounds identified were classified 
into aliphatic hydrocarbons, aromatic hydrocarbons, poly aromatic hydrocarbons, oxygen 
containing aliphatic and aromatic hydrocarbons, nitrogen containing aliphatic and aromatic 
hydrocarbons, halogenated compounds and sulphonated compounds. The alkanes and 
alkenes found in the liquid from the three types of sludge were straight chain hydrocarbons 
from C12 to C22. Styrene was found in liquids obtained from all the three types of sewage 
sludge samples. A wide number of polycyclic aromatic hydrocarbons (indene, naphthalene, 
biphenyl, phenantrene, anthracene, pyrene and their methyl and ethyl derivatives) were 
found in the liquid from sewage sludge S2. However, only naphthalene and its methyl 
derivatives were in liquid from S1 and none of the polycyclic aromatic hydrocarbons in 
liquid from S3. The liquids from S1 and S3 contained hexadecanoic acid and oleic acid 
wile ketones like 2-cyclopenten-1-one-3-methyl were found in liquids from the three 
sewage sludge samples. The other compounds identified in the liquids were fatty nitriles 
like hexadacanenitrile, fatty amides, nitrogen containing aromatics like benzonitrile, 
pyridine, indole and their methyl derivatives and steroids like cholestene [Fonts et al., 
2009]. 
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Liu et al evaluated the pyrolysis of oil sludge through studying the effects of heating rate 
on the hydrocarbons produced. The oil sludge appeared to be black viscous semi-solid cake 
at room temperature. The proximate analysis of the as received sample depicted 28.94% of 
volatiles and 51.99% of ash in it. The ultimate analysis showed 20.85% carbon and the net 
calorific value was estimated to be 8530 kJ/kg. The heavy metals identified in the oil 
sludge sample through ICP/AES were Ca, Fe, Al, Ba, K, Na, Mg, St, Sn, Zn, Cu, Mn, Se, 
Ni, Pb, Co, Cr, As, Mo and Cd. The sludge sample was heated in a nitrogen atmosphere 
from room temperature to 1100 K at the rate of 20 K/min and the gases evolved were 
quantitatively analysed in oil gas evaluation workstation coupled with FID. The major 
gaseous products evolved were hydrocarbons, CO2, H2 and CO. The hydrocarbons mainly 
evolved at 650‒800 K and attained maximum at 740 K. Hydrogen had a similar behaviour 
with two intense peaks each at 740 K and 930 K, respectively. The CO2 release was 
divided into two stages based on the shape of the evolution curve. The first stage was due 
to decomposition of petroleum hydrocarbons at 550‒750 K and the second was attributed 
to decomposition of inorganic carbonates at 850‒110 K. Also the pyrolysis was performed 
at 10 and 40 K/min heating rates. Depending on the heating rates a weight loss of 45‒50% 
was observed over a temperature range of 323‒1073 K. The process was divided in to three 
main stages over the temperature range for all the heating rates. The first period of mass 
decrease was registered at 393 K with loss in the range 18‒20% of the original weight. 
This weight loss was expected to be the vaporization of moisture. The second stage was 
observed in the range 393‒805 K and was considered important. The weight loss was 
around 18% of the original weight and was attributed to volatilization and decomposition 
of organic matter in the oil sludge. Apparently, a minor difference between the pyrolysis 
behaviours of oil sludge at 10 and 20 K/min was observed. However, there was a 
significant difference at 40 K/min heating rate. Also the DTG curve showed a substantial 
weight loss in the temperature range 473‒773 K with several peaks in the range. This was 
attributed to the complex composition and properties of sludge. The third mass decrease is 
between 805 K and 1023 K with relatively smaller weight loss (7.5% of the original 
weight). The weight loss of oil sludge in this range was attributed to the decomposition of 
inorganic compounds like calcium and magnesium carbonates. The authors also applied a 
model free isoconversional method over the non-isothermal decomposition of oil sludge to 
obtain the activation energy dependency on the conversion using direct numerical 
temperature integration. It was observed that activation energy was an increasing function 
of conversion in the overall hydrocarbon evolution process which indicated that reactions 
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at lower temperatures were much easier than that at higher temperatures. The activation 
energy dependence on the extent of conversion revealed kinetic complexity. Based on the 
derivative curve of activation energy with respect to conversion, the variation in activation 
energy with conversion was divided into two stages. It was believed that the reactions for 
conversion less than 50% were mainly associated with volatilization of light hydrocarbons 
while the reactions above 50% were thermal cracking of heavy hydrocarbons [Liu et al., 
2009]. 
 
Zhang and co-workers investigated the pyrolysis mechanism of wet sewage sludge and 
formation and characteristics of pyrolysis products. The decomposition behaviour of the 
sludge was studied based on the effect of temperature on the chemical structure and 
functional group in the products. The FTIR spectrum of raw sludge showed the presence of 
water, amines in major with aliphatic chains, carboxylic acids, aldehydes, amides, and 
methylene as other functional groups. There was no significant change in the gas yield 
from 600  C to 700  C but the yield increased dramatically later and reached maximum at 
1000  C. In contrast, the oil yield decreased slightly between 600  C and 700  C and then 
heavily later. The hot steam generated from wet sludge during pyrolysis was either 
condensed or took part in the water gas shift and steam reformation reactions contributing 
to the formation of hydrogen. A higher reduction in the oil yield at high temperatures was a 
result of secondary cracking which intensified the gas yield. The gaseous product mainly 
contained H2, CH4, CO, CO2 and traces of C2 and C3 hydrocarbons. The H2 content 
increased almost linearly with temperature and was possibly due to dehydrogenation 
reaction over heavy hydrocarbons at high temperature. The oil being a complex mixture of 
organic compounds was analysed in total ion count (TIC) chromatography. The total 
analysis revealed the presence of large amount of aromatic hydrocarbons with few 
aliphatics hydrocarbons. The compounds identified in the oil were classified into 1-
alkenes, monoaromatic hydrocarbons and their derivatives, polycyclic aromatic 
hydrocarbons (PAH) and their derivatives, substituted aromatics and their derivatives, 
aromatic nitriles, carboxylic acids, ketones and esters, halogenated aromatics, alkyl 
aromatics and cyclanes. It was observed that the fraction of 2-ring PAH increased 
dramatically over a temperature range from 600  C to 1000  C while the monoaromatics 
showed a significant reduction. Also the 3 and 4 ringed PAHs increased sharply from 
600  C to 800  C and then the increase was gradual between 800  C and 1000  C. However, 
the PAH concentration is negligible at temperatures below 500  C but, their formation at 
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temperatures above 700  C indicate that high temperature produce toxic tar [ hang et al., 
2011]. 
 
Hossain and co-workers investigated the influence of pyrolysis temperature on the 
production and nutrient properties of bio-char from pyrolysis of waste water sludge. The 
yield decreased with temperature from 72.3% of the original mass at 300  C to 52.4% at 
700  C. The infra-red spectra of raw sludge and bio-char samples revealed that the 
inorganic OH group still remained in the sludge treated at 700  C, while the organic OH and 
NH groups decreased with temperature. Similarly, the methyl groups being the weak 
functional groups were absent in the bio-char samples from pyrolysis of sludge at 
temperatures above 400  C. The cleavage of these groups contributed to higher mass loss 
during thermal decomposition and gas production. The volatile matter reduces from 50.2% 
in sludge to 15.8% in bio-char formed at 700  C. The bio-char produced at low temperature 
was acidic while alkaline at 700  C with neutral at 500  C. The electrical conductivity 
improved gradually with temperature up to 500  C and then dropped to almost half at 
700  C. The total nitrogen in the bio-char reduced with temperature due to the loss of 
ammonium and nitrate fraction and also the volatile matter containing nitrogen groups. The 
ammonium and nitrates are one of the important agronomic properties as they are main 
sources of nitrogen for plant uptake. The nitrate concentration was very low in the bio-char 
samples while that of ammonium decreased with pyrolysis temperature rapidly [Hossain et 
al., 2011]. 
 
Samanya and co–workers investigated the impact of co–pyrolysis of sewage sludge with 
wood, straw and rapeseed on the upper phase of bio-oil. The sewage sludge had high ash 
content while the wood, straw and rapeseed were rich in volatile matter. The co-pyrolysis 
with rapeseed had highest char yield while that with the wood was lowest. The bio-oil 
yield was highest with rapeseed with equal upper and bottom phases. The bio-oil obtained 
from the co-pyrolysis process were analysed for composition in GC-MS. The spectrum of 
bio-oil from sewage sludge in combination with rapeseed, straw and wood showed a wide 
variation in types of organic compounds. The compounds detected in the bio-oil from co-
pyrolysis of sludge were benzene and its derivatives, phenol and its derivatives, furans, 
alcohols, C9‒C17 alkanes and alkenes, esters and nitrogen containing compounds. The 
ultimate analysis of co-pyrolysis bio-oil showed a high carbon and hydrogen content with 
low oxygen which indicated high concentration of alkyl chain thus, improving the HHV 
and the quality of bio-oil. The upper phase of oil obtained from co-pyrolysis of sludge and 
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wood had highest carbon content followed by rapeseed and straw. Similarly the hydrogen 
content was highest in oil from sludge and rapeseed co-pyrolysis while oxygen in that of 
sludge and straw. The sulphur and nitrogen contents were highest in upper phase bio-oil 
from sludge/wood and sludge/rapeseed, respectively [Samanya et al., 2012].  
 
Ding and Jiang made an approach for sludge reduction and stabilization by proposing co-
pyrolysis of agricultural waste and forest waste with sludge. The objective of the work was 
to investigate the effect of sludge to waste biomass ratio and the energy balance over the 
co-pyrolysis process. Dewatered sewage sludge was collected from municipal wastewater 
treatment plant. These three raw materials were dried in oven at 105 °C for 24 h and then 
crushed and screened to size below 120 mesh. The thermogravimetric analysis of the three 
feedstocks done separately showed that the residual weight loss was high in sludge 
followed by rice husk and saw dust. Also a similar TG profiles of the feedstocks indicated 
that their thermochemical characteristics were similar and could be co-pyrolysed. The TG 
profiles were divided into three stages. The water bound by surface tension evaporated in 
the first stage at temperatures up to 200 °C. The second stage was from 200 °C to 500 °C 
where the main decomposition reaction took place and most of the organic matter 
decomposed. The pyrolysis of sludge had low oil and high char production. The decrease 
in sludge addition ratio increased the oil yield from 19.4 wt% (pure sludge to 58.8 wt% 
(saw dust) and 43.0 wt% (rice husk). The non-parametric pair-wise Wilcoxon test 
confirmed that no synergistic effect occurred between sludge and biomass materials during 
co-pyrolysis process. There was a very little deviation in the co-pyrolysis of sludge and 
saw dust due to the fact that the H/C ratio of saw dust was slightly higher than that of 
sludge, whereas, the H/C ratio of sludge and rice husk were similar. The synergistic effect 
in co-pyrolysis can be observed when feedstocks with significant difference in H/C ratio 
are co-pyrolysed. The optimum sludge addition ratio to achieve energy balance for saw 
dust and rice husk was 50.4% and 25.3%, respectively [Ding and Jiang, 2013]. 
 
1.7. Pyrolysis products from plastic waste 
Bhaskar and co-workers investigated the thermal degradation of municipal waste plastics 
(MWP) and two model mixed waste plastic (PE/PP/PS/PVC and PE/PP/PS/PVC/PET) at 
430  C  15  C/min. The former model mixed waste plastic composed of 6 g each of PE, PP 
and PS and 2 g of PVC and the later composed of 6 g each of PE, PP and PS and 2 g each 
of PVC and PET. The liquid product yield was lowest in PE/PP/PS/PVC/PET (53 wt%) 
followed by MWP (59 wt%) and PE/PP/PS/PVC (70 wt%). The degradation residue from 
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MWP was higher than that from model plastics due to presence of other additives. The C-
NP gram of the liquid product indicated that the hydrocarbons in the range C7‒C10 were 
high with about 10% in C13‒C15 and C17‒C19. Similarly the hydrocarbons containing 
chlorine were distributed in the range C5‒C9, C10‒C12, C14 and C21 for both model plastics 
and MWP. The GC-AED chromatogram of selective chlorine compounds produced from 
degradation of MWP and model plastics depicted that the presence of PET produced the 
additional chlorinated compounds. The chlorinated compounds identified in liquid 
products from model and MWP plastics were 2-chloro-2-phenyl propane, 2-chloro-2-
methyl propane, 2-chloro-2-methyl pentane and α-chloro ethyl benzene. The additional 
chlorinated compounds identified in PET mixed plastics and MWP were chloroalkyl esters 
[Bhaskar et al., 2003]. 
 
Brebu and co-workers studied the pyrolysis of PE or PS mixed with brominated ABS and 
debromination of pyrolysis oil with iron and calcium based catalyst. The thermal 
degradation of PE/ABS-Br and PS/ABS-Br (4:1) was carried out at 450 °C @ 5 °C/min 
under nitrogen atmosphere and TGA of individual plastic was carried out for comparison. 
PE decomposition was in single step in the range 450‒550 °C while PS decomposition 
initiated at 300 °C, moved slowly up to 420 °C and then intensified, ending at 490 °C with 
1.5% residue. ABS-Br had a supplementary decomposition peak from 320 to 425 °C. 
Based on the production rate of pyrolysis liquid the PE/ABS-Br and PS/ABS-Br had 
differences in their degradation which was evident with the TGA profiles. The 
decomposition of PS was faster than PE and 80 % of the oil appeared in first 20 min while 
the oil from PE/ABS-Br appeared at 92 min. Iron based catalyst increased the 
decomposition rate of PE/ABS-Br and oil production started early (85 min). Contrary to 
this the calcium based catalyst retarded the rate to 200 min. The Fe and Ca based catalysts 
did not influence the PS/ABS-Br decomposition rate but slightly increased the oil yield. 
When ABS-Br was mixed with PE or PS the oil yield was less than the theoretically 
calculated while the gas and residue yield increased which indicated interactions between 
fragments of ABS-Br and decomposition products of PE or PS. The oil form PE/ABS-Br 
decomposition had a broad distribution of saturated and unsaturated hydrocarbons in the n-
C5‒n-C19 region with maxima at n-C9 and n-C14. The oil from PS/ABS-Br decomposition 
was rich in n-C8‒n-C10 hydrocarbons with n-C17 in minor quantities. The increase in 
retention time of PE/ABS-Br decomposition decreased the n-C14 to n-C19 compounds to 
favour compounds in the range n-C5 to n-C9. A similar behaviour was observed with iron 
based catalyst but not with calcium based catalyst. According to the Br-NP, the oil from 
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PE/ABS-Br, 2190 ppm of bromide distributed n-C7 to n-C8 and n-C10 to n-C12. The Fe 
based catalyst completely removed bromine from oil whereas few bromine compounds 
were present in n-C11 region with Ca based catalyst. The Br-NP of PS/ABS-Br oil showed 
that the bromine was distributed in the hydrocarbon ranging from n-C5 to n-C20 with high 
content in n-C11 and n-C14. The use of Fe and Ca based catalyst eliminated the heavy 
bromine compounds and reduced the bromine content in oil [Brebu et al., 2004]. 
 
Brebu and co-workers studied the degradation of polymer mixture of PE, PP, PS, ABS-Br 
and PVC and effect of iron and calcium based catalyst on removal of nitrogen, bromine 
and chlorine from pyrolysis oil. The polymers were mixed in PE:PP:PS:ABS-Br:PVC ratio 
of 3:3:2:1:1. The thermal and catalytic degradation of polymer mixture were carried at 450 
°C in a glass reactor purged with nitrogen and catalysts were used in vapour phase contact 
mode. The thermal degradation of polymer mixture produced 59 wt% of oil and the density 
and average carbon number (Cn) of oil was 0.76 g/cc and 9.6, respectively. The iron and 
calcium based catalysts improved the oil yield and also increased the density. The gaseous 
products composed of C1‒C4 alkanes and C2‒C4 alkenes. More than 50% of oil produced 
composed of benzene derivatives from PS and ABS-Br. About 40% of the oil composed of 
saturated and unsaturated hydrocarbons in the range n-C5‒n-C7 and n-C11‒n-C14 from PE 
and PP degradation. Compounds heavier than n-C15 composed of less than 5% of the oil. 
Iron based catalysts decreased the concentration of hydrocarbons at n-C13 and above while 
the calcium based catalyst had an opposite effect. The yellowish-white wax retained in the 
reactor after the degradation accounted to 2‒4 wt% of polymer mixture and composed of 
inorganic bromine compounds. About 13‒17 wt% of initial polymer mixture remained as 
carbon residue. The oil from thermal degradation of polymer mixture contained significant 
amounts of nitrogen (1200 ppm), bromine (1900 ppm), and chlorine (5000 ppm). The 
nitrogen containing compounds were aliphatic and aromatic nitriles at n-C5‒n-C6 and n-
C13, respectively. The bromine compounds identified were bromomethane, bromobutane, 
bromophenol and dibromophenol. The chlorine was majorly present in compounds at n-C6, 
n-C8, n-C10‒n-C12. The iron based catalyst reduced the nitrogen, bromine and chlorine 
concentration in oil by 20‒30 wt%, 90‒95 wt% and 80 wt%, respectively. The calcium 
based catalysts were poor compared to the iron based catalyst in removing nitrogen and 
bromine but decreased chlorine by 93‒98 wt% [Brebu et al., 2005]. 
 
Bhaskar and co-workers reported the pyrolysis of PP/PE/PS/PVDC/HIPS-Br with and 
without PET in nitrogen atmosphere at 430 °C @ 15 °C/min. The calcium hydroxide 
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carbon composite and iron oxide carbon composite were used as catalyst for 
dehalogenation of pyrolysis liquid by vapour phase contact. The plastic mixture without 
PET produced 65 wt% of oil while the yield reduced to 52 wt% in presence of PET. The 
average carbon number (Cn) of oil was observed to decrease with PET but no significant 
variation was seen in the density. The addition of PET to the plastic mixture increased the 
concentration of chlorine and bromine in oil. The addition of calcium hydroxide carbon 
composite to pyrolysis of PP/PE/PS/PVDC/HIPS-Br decreased the chlorine and bromine 
concentration in oil by 98% and 100%, respectively. The calcium hydroxide carbon 
composite in PP/PE/PS/PET/PVDC/HIPS-Br decreased chlorine and bromine 
concentration by 88% and 65%, respectively. According to the C-NP the oil from almost 
all the experiments composed of olefins and paraffins and no significant difference in the 
boiling point distribution was seen both with and without catalysts. Hydrocarbons 
identified in oil were styrene monomer, styrene dimer, styrene trimer from PS and 
polypropylene dimer, polypropylene trimer from PP. The main chlorine containing 
hydrocarbons from plastic mixtures without catalyst were in the range n-C6, n-C8, n-C10 
and n-C19 and that of bromine containing hydrocarbons were in the range n-C6, n-C9, n-
C11, n-C16 and n-C19 [Bhaskar et al., 2006]. 
 
Williams and Slaney studied the pyrolysis and liquefaction of five individual plastics and 
two waste mixed plastics. The processes were carried out in batch mode under nitrogen (10 
MPa) and hydrogen (18 MPa) atmospheres. The processes were carried out at 500 °C @ 5 
°C/min and temperature was maintained for 60 min. A simulated waste mixed plastic was 
made from five types of plastics (PE, 44.4 wt%; PP, 21.2 wt%; PS, 13.3 wt%; PVC, 12.2 
wt%; PET, 8.9 wt%). In both the types of atmospheres, the polyethylene and 
polypropylene plastics had high oil yield and low gas yield with no solid product. 
Polystyrene had a similar result but also produced significant quantities of solid. However, 
the oil yield was slightly higher and that of solid was lower in H2 atmosphere than in N2 
atmosphere. PVC pyrolysis (N2) was a failure due to corrosion of reactor by HCl formation 
while the liquefaction process (H2) yielded 2, 38 and 52 wt% of oil, gas and solid, 
respectively. PET pyrolysis had high solid yield (53 wt%) while liquefaction had 41 wt% 
of solid yield and 27 wt% of oil. The main hydrocarbons in gas from pyrolysis were C1‒C4 
alkanes. The gas compositions in both the processes were almost similar with minor 
differences like methane yield was high in liquefaction. The hydrocarbon gas composition 
from pyrolysis of simulated waste mixed plastic and real world waste mixed plastic was 
dominated by C1‒C4 alkanes. Gas derived from liquefaction of real waste plastic from 
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Germany was rich in methane, ethene and propene while from Belgium was rich in ethane 
and propane. The oil products from all the waste mixed plastic types by both the processes 
were rich in n-alkanes. The oil derived through pyrolysis had highest n-C9 alkanes from 
German waste mixed plastic. The oil derived through pyrolysis of waste mixed plastic 
from Belgium had higher concentration of alkanes compared to that from German waste 
mixed plastic. The oil produced from polystyrene either through pyrolysis or liquefaction 
was rich in monocyclic and polycyclic aromatic hydrocarbons [Williams and Slaney, 
2007]. 
 
Bhaskar and co-workers investigated the controlled two step pyrolysis of PE/PP/PS mixed 
with HIPS-Br containing decabromo-diphenyl-ethane and the products were analysed. 
Based on the Sb2O3 content the mixed plastic sample was classified into two types - 
PE/PP/PS/DDE-Sb(5) (5 wt% Sb2O3) and PE/PP/PS/DDE-Sb(0) (free from Sb2O3). The 
mixed plastic was pyrolysed in pyrex glass reactor according to a two-step temperature 
program: step 1: ambient temperature to 330 °C @ 5 °C/min and hold for 2 h at 330 °C 
under 55 ml/min of N2 flow; step 2: 330 °C to 430 °C @ 15 °C/min and hold until the 
experiment ends under 30 ml/min of N2 flow. The liquid yield in step 1 from 
PE/PP/PS/DDE-Sb(5) and PE/PP/PS/DDE-Sb(0) was 5 and 2.4 wt%, respectively. The 
liquid yield in step 2 from PE/PP/PS/DDE-Sb(5) and PE/PP/PS/DDE-Sb(0) was 63 and 78 
wt%, respectively. The gas and residue yields from PE/PP/PS/DDE-Sb(5) were higher than 
that from PE/PP/PS/DDE-Sb(0). A major content of antimony was found in step 1 liquid 
product in form of tribromide. The density of liquid product from both the mixed plastic 
samples in step 1 was less than that in step 2 due to formation of low molecular weight 
compounds at low temperature. The liquid product obtained from both the mixed plastic 
samples in step 1 had relatively high concentration of n-C9 and n-C17 range hydrocarbons 
than in step 2. A major content of antimony was found in step 1 liquid product in form of 
tribromide. The density of liquid product from both the mixed plastic samples in step 1 was 
less than that in step 2 due to formation of low molecular weight compounds at low 
temperature. The liquid product obtained from both the mixed plastic samples in step 1 had 
relatively high concentration of n-C9 and n-C17 range hydrocarbons than in step 2. The 
liquid products were distributed over the range of n-C5 to n-C25 with major peaks at n-C9, 
n-C14 and n-C17 [Bhaskar et al., 2007]. 
 
Onwudili and co-workers investigated the conversion of LDPE and PS to oil and its use as 
hydrocarbon fuel or chemical feedstock. The effect of temperature (350‒450 °C) and 
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retention time (0‒120 min) was studied on pure and mixed plastic samples. The mixed 
plastic samples constituted of 70% LDPE and 30% PS. There was no visible degradation 
of LDPE at 350 °C with only 0.7 wt% of gas yield. As the temperature increased to 400 °C 
94.7 wt% of whitish brown wax was formed and oil was produced at temperatures above 
410 °C with complete conversion of the plastic at 425 °C. The LDPE degradation had a 
high oil yield (89.5 wt%) at 425 °C with 10 wt% of gas yield. At higher temperatures, the 
oil yield decreased due to secondary reactions, which increase the gas yield. The gaseous 
product from degradation of LDPE was dominated by alkanes followed by alkenes and 
hydrogen. The calorific value of gaseous product calculated at different temperatures 
varied in the range of 50.8‒52.7 MJ/kg. At temperature above 400 °C, the main LDPE 
decomposition product was wax. The wax was mainly composed of aliphatic hydrocarbons 
that were dominated by heavy alkanes (C5‒C40). All the LDPE sample was converted to oil 
(91.1 wt%) and gas (8.7 wt%) at zero residence time at 450 °C. When the residence time 
was increased the oil yield reduced while the gas yield improved reaching 61 wt% and 28.5 
wt% at 120 min (450 °C). The hydrogen concentration was very low as compared to that of 
alkanes at all retention times and increased up to 60 min and stabilized further. The alkanes 
content doubled for every 30 min of increment up to 60 min and then the rate reduced to 
10% while the alkenes yield optimized to 4.7 wt% in 30 min after increasing from 3.6 wt% 
at zero. At low retention times the oil from LDPE mainly constituted of paraffins (39.4%) 
with carbon number C5‒C36 and alkenes with C5‒C19 in lower concentration. The alkenes 
yield was highest (39%) at zero time and decreased with retention time. Aromatics had the 
lowest yield at all retention times and were dominated by benzene, toluene, xylenes and 
alkyl benzenes. There was no visible decomposition of PS at 300 °C while the entire 
plastic sample decomposed into highly viscous dark coloured oil with small proportion of 
gas at 350 °C. When the temperature was increased to 400 °C and further, the gas yield 
improved and the oil viscosity reduced. Unlike LDPE, the gas yield from PS 
decomposition was too low to be utilized as fuel. The oil products obtained from thermal 
degradation of PS majorly consisted of aromatic compounds and the aliphatics were too 
low to be identified. The major aromatic compounds included benzene, toluene, ethyl 
benzene, styrene, cumene, α-methyl styrene, diphenyl propane and triphenyl benzene. The 
concentration of lighter aromatic compounds (benzene, toluene and ethyl benzene) 
increased with increase in reaction temperature. At 400 °C, the entire PS sample was 
converted to liquid with some gas in zero time. The gas hovered from 0.6 to 1 wt% at 120 
min. The gaseous product was dominated by methane, ethane, ethene and propane and 
42% of the gas comprised of methane at 120 min. At zero time, styrene was predominant 
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(68.8%) in liquid product and reduced dramatically to 2.87% at 30 min and the reduction 
continued. On the other hand the concentration of toluene and ethyl benzene improved 
with increase in retention time. This was explained as a process involving several series of 
reactions where polystyrene first degraded to its monomer unit and then styrene 
hydrogenated to ethyl benzene and further to toluene. The other compounds found to 
increase were cumene, diphenyl propane, diphenyl benzene and triphenyl benzene. The oil 
derived from LDPE had low viscosity and the calorific value was 40.4 and 40.2 MJ/kg at 
450 and 500  C, respectively. These values were comparable with medium fuel oil (43 
MJ/kg), gasoiline (47 MJ/kg) and diesel (45 MJ/kg). The calorific value of PS derived oil 
was less than that from LDPE due to its higher aromaticity. For example, hexane and 
benzene contain six carbon atoms but their calorific values are 44.75 and 41.8 MJ/kg, 
respectively [Onwudili et al., 2009]. 
 
Miskolczi and co-workers aimed towards the investigation of pyrolysis of waste plastic at 
520 °C in a pilot plant reactor with and without ZSM-5 as a catalyst. The reactor was 
operated in continuous mode with a feed rate of 9 kg/h. Waste HDPE from agriculture and 
PP from packaging industry were used as feedstock. The PP material contained sulphur as 
contaminant while the HDPE contained sulphur, nitrogen, phosphorus and calcium as 
contaminant possibly from fertilizers. The gas, gasoline, light oil and heavy oil yields from 
waste agricultural polyethylene degradation in absence of ZSM-5 were 5.1, 18.2, 17.9 and 
58.8%  respectively while that in presence of ZSM-5 were 12.2, 34.5, 24.1 and 29.2%. The 
pyrolysis of waste PP from packaging had lower heavy oil and higher gasoline yields when 
compared to agricultural polyethylene (in absence of catalyst). With the addition of 
catalyst to waste packaging plastic the gasoline and light oil yields increased by 64.5 and 
28.5%, respectively. Also the use of catalyst improved the gas yields by 139.8% and 195.7 
% for HDPE and PP, respectively. The gases from PP either catalysed (55.9%) or non-
catalysed (54.6%) mainly composed of C3 hydrocarbons while the gases from HDPE were 
rich in C2 (52.0% and 45.6%) and C4 (31.7% and 25.5%) hydrocarbons. The calculated 
heating values of gases were in the range 45.9‒46.6 MJ/kg [Miskolczi et al., 2009]. 
 
Lopez and the co-workers studied pyrolysis as a feedstock recycling process to valorize the 
reject streams from industrial plants, where packing and packaging wastes are separated 
for their subsequent mechanical recycling. Four samples were collected at four different 
times in a year and pyrolysed under nitrogen atmosphere at 500 °C @ 20 °C/min for 30 
min. The types of components present in the samples were classified into three groups: 
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packaging plastics, other packaging materials and inappropriate materials. The 
composition of each sample is given in table 1.5. It was observed that more than 90% of 
the sample 1 and 2 were converted to liquid and gas while the sample 3 and 4 had high 
solid yields (26.6 and 33.5%, respectively) due to higher ash content. 
  
Table 1.5: Composition of packaging waste samples 
 Material Sample 1 Sample 2 Sample 3 Sample 4 
Packaging plastic 
HDPE 39.50 13.44 5.26 18.77 
PP 34.17 9.63 8.19 21.94 
PS 9.33 4.07 8.78 8.36 
Expanded PS 6.93 2.53 1.01 3.02 
PET 2.94 2.88 7.33 3.23 
PVC 4.16 4.28 1.42 0.79 
PE film - 50.55 9.40 2.14 
PP film - 4.92 2.07 1.73 
Other packaging materials 
Complex 0.02 0.64 2.97 0.22 
Blister - - 0.21 - 
Tetra-Brik 0.17 2.73 7.82 - 
Al film 0.19 0.64 1.53 2.50 
Aluminium - 0.42 1.12 1.35 
Iron - 0.20 1.25 1.27 
Inappropriate materials 
ABS 2.24 - 2.30 2.39 
PMMA - - 0.48 0.55 
PUR - - 0.07 0.18 
PA - - 0.36 0.25 
PC - 0.11 0.04 0.83 
Elastomer - - 0.08 2.42 
Latex - - 0.37 0.97 
Medical waste - 0.07 0.38 0.98 
Paper 0.35 2.80 33.25 4.19 
Cloth - - 2.15 0.08 
Gardening waste - 0.01 0.24 0.56 
Wood - 0.07 0.28 3.32 
Glass - 0.01 0.60 16.18 
Inerts - - 1.04 1.78 
 
 In all the four types of samples the solid yield was observed to be higher than the 
inorganic content of the sample. This could have been due to secondary repolymerisation 
between the polymer degradation products. The sample 3 had highest char yield (15.2 
wt%) due to high cellulose content, which high tendency to form char. However, the 
sample rich in plastic (sample 1 and 2) also produced char but this was due the presence of 
char forming plastics (PET and PVC). Also it was noted that the sample rich in cellulose 
produced high aqueous phase while others did not, was a consequence of cellulose content. 
The liquids from the waste plastic mixtures composed of mixture of organic compounds 
having the carbon number in the range C6‒C21. The liquids from all the samples except 
sample 2 were dark-brown in colour and resembled petroleum fractions and contained 
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aromatics while that from sample 2 was semi-solid and contained alkanes and alkenes with 
carbon numbers up to C21. The presence of alkanes and alkenes is due to PE content in the 
sample which breaks into free radical fragments and subsequent hydrogen chain transfer 
reactions transform these free radical fragments to alkenes and alkanes. The aqueous phase 
of liquid from sample 3 mainly composed of water along with some oxygenated 
compounds like furancarbaldehyde, isobenzofurandione, phenol and benzoic acid. The 
gases from pyrolysis of sample 1 and 2 were rich in hydrocarbons while that from sample 3 
and 4 were rich in CO2. The GCV of the gases except form sample 3 are close to, or in case 
of sample 1 are higher than, that of natural gas hence can be served as energy source for 
the process. The solid residues from all the samples were rich in carbon and can be utilized 
for energy recovery [Lopez et al., 2010]. 
 
Lopez and co-workers studied the effect of time and temperature on the products obtained 
from pyrolysis of mixed waste plastics. The plastic mixture used composed of PE (40 
wt%), PP (35 wt%), PS (18 wt%), PET (4 wt%) and PVC (3 wt%). The pyrolysis was 
carried out in a batch mode with a constant heating rate and nitrogen flow of 20 °C/min 
and 1 dm
3
/min, respectively. The effect of temperature was studied by heating the mixture 
at 460, 500 and 600 °C and maintaining the temperature for 30 min. The effect of time was 
studied using 0, 15, 30 and 120 min as retention times at the best temperature from the 
temperature study. It was observed that the solid yield was almost constant while the gas 
and liquid yield were greatly influenced by the temperature. The gas yield was directly 
while the liquid yield was inversely proportional to the temperature. Although the sample 
was free from inorganic matter, a small quantity of char was formed in all the experiments. 
This was attributed to secondary repolymerisation reaction among the pyrolysis products. 
Though the mixture composed of saturated hydrocarbons, the liquids products did not 
contain paraffins. This was justified as the free radical fragments might have stabilised by 
(1) formation of double bond producing olefins (2) Combine to form cyclic compounds (3) 
Release of H2 to form aromatics. The pyrolysis liquids obtained at 460 and 500 °C mainly 
composed of aromatic and unsaturated hydrocarbons while that at 600 °C was almost all 
aromatic and no olefins and naphtenes. The main components of pyrolysis liquids are 
shown in table 1.6. The pyrolysis gases mainly composed of C1‒C6 hydrocarbons, H2, CO 
and CO2. The gas produced at 600 °C composed more of C1‒C3 hydrocarbons (70.8%) 
than at 460 °C (59 wt%) and 500 °C (59.6 wt%) while opposite with C4‒C6 hydrocarbons, 
25.8, 36.9 and 36.3 wt% at 460, 500 and 600 °C, respectively (table 1.7). The effect of 
time was studied at a constant temperature of 500 °C. It was observed that the liquid yield 
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increase from 0 to 30 min and reached maximum (65.2 wt%) at 30 min with no further 
improvement. The GC-MS analysis of liquid revealed that the non-aromatics increased 
from 0 to 30 min and then stabilized while the aromatic yield was maximum at 0 min 
(80.1%). It was found that the light hydrocarbons (C1 and C2), CO, CO2 decreased while 
the heavier hydrocarbons (C4‒C6) yield improved with time. The HHV of the gases in all 
the conditions (47‒49 MJ/kg) was close to that of natural gas (48‒53 MJ/kg) [Lopez et al., 
2011]. 
 
Table 1.6: Composition of pyrolysis liquids from mixed waste plastic 
Temperature (°C) 460 500 600 
Time (min) 30 0 15 30 120 30 
Toulene 9.9 11.3 10.7 8.1 8.8 17.5 
Di-methyl-heptane 6.7 4.1 4.1 5.9 5.7 - 
Ethyl-benzene 7.1 7.6 7.5 5.0 5.7 8.1 
Xylenes <3.0 <3.0 <3.0 <3.0 <3.0 4.5 
Styrene 45.5 42.2 42.4 48.4 47.4 32.4 
α-methyl styrene 3.6 3.8 3.8 4.2 4.7 4.4 
Naphthalene <3.0 <3.0 <3.0 <3.0 <3.0 6.5 
Methyl-naphthalene - <3.0 - - <3.0 5.1 
 
Table 1.7: Composition of pyrolysis gases from mixed waste plastic 
Temperature (°C) 460 500 600 
Time (min) 30 0 15 30 120 30 
Hydrogen 0.4 0.2 0.6 0.4 0.5 0.7 
CO 1.6 1.6 0.9 0.7 0.6 0.7 
CO2 2.0 5.4 4.6 2.9 2.7 2.0 
CH4 7.9 12.6 11.6 8.3 8.0 13.0 
C2H6 10.1 12.8 12.0 10.0 10.1 10.3 
C2H4 11.2 12.3 10.5 12.2 12.4 19.3 
C3 29.8 28.2 26..0 29.1 29.2 28.2 
C4 18.1 14.9 18.8 17.6 17.9 16.3 
C5 9.3 9.0 9.5 9.5 9.3 5.3 
C6 9.5 2.9 5.5 9.2 9.3 4.2 
 
Mishra and co-workers studied the applicability of waste PP as a precursor to synthesize 
multi-walled carbon nanotubes (MWCNT) through single stage chemical vapour 
deposition using nickel as a catalyst. The catalyst and waste PP were mixed in the ratio 
1:10000 and heated in H2/Ar atmosphere at the rate of 30 °C/min. The dwell time was 1 h 
at the desired temperature (600‒800 °C). The high purity of MWCNT is reflected by sharp 
and intense Raman G-peak at 1567 cm
-1
 with respect to the weak D-band peak at 1322 cm
-
1
 in the Raman’s spectra. The increase in temperature increased the intensity of G-peak and 
simultaneously decreased that of D-band thus, enhanced the purity. The G’ band for 
MWCNTs at 2650 cm
-1
 is a II order two phonon process but, was clearly visible in the 
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Raman spectra. The peak positions of different vibrational bands were unchanged with 
temperature but, dramatically varied in the intensity. The peak position and ratio of Raman 
band for sample grown at 800 °C indicated that the MWCNT showed highest purity. The 
MWCNT produced at high temperatures had smooth surface and less defects than that at 
low temperatures. The XRD spectra of the sample at 600 °C showed presence of nickel 
oxide as major contaminant along with magnetite and NiFe which reduced as the 
temperature increased to 800 °C. The strong diffraction peak at 26°, 42°, 55° and 77° 
altogether indicated presence of graphite structure. The SEM images of MWCNT at 600 
°C and 700 °C illustrated high impurity and irregularity which disappeared in at 800 °C. 
The TEM image showed that the nickel content reduced with temperature and the 
estimated diameter of MWCNT was in the range 10‒25 nm. The HRTEM analysis of 
MWCNT showed presence of curly type graphene with diameter in the range 25 nm and 
approximately 20 layers. The transmittance spectra of MWCNT in the spectrum range 
from 200 to 1400 nm showed monotonic increase in the visible spectrum and turned 
relatively flat in IR region. The dispersed MWCNTs exhibit sufficiently high transmittance 
(85%) to the visible light at 550 nm. This suggested that thin film of MWCNT could be 
used as transparent electrode [Mishra et al., 2012]. 
 
The thermal pyrolysis of three different polyolefin plastics (HDPE, LDPE and PP) were 
studied in a conical spouted bed reactor to produce and characterise wax. The conical 
spouted bed reactor is a specially designed to have high lineal gas velocity, vigorous gas-
solid contact and low gas residence time. These features favour production of wax at low 
temperature and minimise secondary reaction of wax. The experiments were carried out 
over a temperature range of 450‒600 °C on a continuous mode and nitrogen was used as 
fluidising agent. It was observed that the wax yield reduced with rise in temperature. The 
wax yields were similar from LDPE and HDPE (80 wt%) while that from PP were high (92 
wt%) at low temperatures. This difference in the wax yield was due to higher branches in 
PP structure than in HDPE and LDPE. At low temperatures (450 and 500 °C) the cracking 
reaction was initiated in the branches of PP and that in principal chain was low and for 
short time. At temperatures above 600 °C the wax yield drastically reduced, 35 and 12 
wt% at 650 °C and 700 °C, respectively. The wax yields at various temperatures from the 
three types of plastics are shown in table 1.8. The wax composition was classified into 
three groups: gasoline, light diesel and heavy diesel. The chromatogram attained from GPC 
analysis showed that the wax produced from all the three plastic types had higher 
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concentration of heavy diesel at lower temperature than that at higher temperature (table 
1.9) [Arabiourrutia et al., 2012]. 
 
Table 1.8: The wax yields (wt%) from HDPE, LDPE and PP at different temperatures 
Plastics 
Temperature (°C) 
450 500 600 
LDPE 80 69 51 
HDPE 80 68 49 
PP 92 75 50 
 
Table 1.9: Gasoline, light diesel and heavy diesel content (wt%) in wax from plastics 
Plastics Temperature (°C) Gasoline Light diesel Heavy diesel 
HDPE 
450 0.8 20.2 79.0 
500 2.9 22.1 75.0 
600 6.0 23.5 70.5 
LDPE 
450 1.2 18.8 80.0 
500 3.7 23.8 72.5 
600 5.7 25.6 68.7 
PP 
450 1.1 13.1 85.8 
500 3.3 23.2 73.5 
600 3.8 26.7 69.5 
 
The chemical composition of liquid products from cellulose and lignin co-pyrolysis with 
PP at 450 °C with and without K2CO3 or ZnCl2 as catalyst was investigated by Ruthowski. 
The bio-oil produced from pyrolysis of biopolymer/PP blend had different colour, state and 
odour based on the blend composition and the catalyst. The bio-oils composed of three 
clear phases, viz, water, brown organic liquid and yellow wax. The bio-oil produced in 
presence of K2CO3 composed of water and semi-solid organic phase while that in presence 
of ZnCl2 composed of water and yellow oil. Also it was observed that the addition of 
catalyst increased the water content in bio-oil except for xylan/PP blend, where the 
increase was almost zero. The addition of K2CO3 or ZnCl2 lead to a significant dehydration 
of the polysaccharides present in biopolymers which influenced the chemical composition 
of bio-oil produced (table 1.10). More than 200 chemical compounds were identified in the 
bio-oils produced. The bio-oils from cellulose/PP blend were rich in chain hydrocarbons 
while that from xylan/PP and lignin/PP were less aliphatic. The FTIR spectra of bio-oil 
from xylan/PP and lignin/PP indicated presence of aromatic hydrocarbons and olefins. 
There was no significant change in olefins in bio-oil from biopolymer/PP blends with the 
addition of K2CO3 while the addition of ZnCl2 decreased the same. The FTIR spectra of 
bio-oil also indicated presence of high proportion of oxygen in form of hydroxyl, carbonyl 
and methoxy groups. The oxygenated compounds identified in bio-oil from pyrolysis of 
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biopolymer/PP blends were furfural and its derivatives, furanmethanol, cyclopentanone 
and its derivatives, phenol and its derivatives, carboxylic acids, ketones and anhydrosugars 
[Ruthowski, 2012]. 
 
Table 1.10: Hydrocarbons identified in bio-oils produced from pyrolysis of bio-polymer/PP 
blends 
Hydrocarbons 
Cellulose/PP Xylan/PP Lignin/PP 
- K2CO3 ZnCl2 - K2CO3 ZnCl2 - K2CO3 ZnCl2 
C9 9.4 4.9 11.5 12.0 9.9 11.0 7.3 8.7 10.0 
C10 1.0 1.3 1.8 0.8 1.7 1.1 0.5 0.4 0.6 
C11 0.8 1.0 1.1 1.3 1.3 1.0 1.0 0.9 1.1 
C12 2.7 3.1 3.5 3.5 3.5 3.7 2.4 2.8 3.8 
C13 2.0 1.4 3.3 1.5 1.6 3.8 0.8 0.8 1.4 
C14 1.3 0.8 0.4 1.1 1.6 3.8 0.8 0.4 - 
C15 8.2 8.9 1.7 11.8 11.3 11.5 7.6 9.4 12.7 
C16 1.2 1.0 1.9 2.0 2.7 1.7 1.2 1.2 1.8 
C17 0.3 0.4 - 0.2 0.2 - 0.5 0.7 1.2 
C18 6.0 5.8 7.2 5.7 5.3 5.2 1.7 4.5 5.5 
C19 2.6 1.7 1.6 1.6 1.5 1.3 1.4 1.7 1.2 
C20 0.5 0.6 - 2.2 0.6 0.4 0.8 0.2 0.2 
C21 5.1 7.1 7.6 9.0 9.1 8/9 6.4 9.0 7.5 
C22 1.3 1.8 1.4 2.5 2.5 2.0 2.1 1.9 1.8 
C23 0.7 0.7 0.2 0.7 0.6 0.2 0.8 0.7 0.6 
C24-C36 11.8 11.2 11.8 22.9 21.0 20.9 15.5 14.7 15.1 
 
Haydary and the co-workers studied the kinetics of tire pyrolysis and influence of particle 
size on the decomposition process. Two sets of experiments were carried out, first type 
consisted of non-isothermal thermogravinetric experiments by a thermal analyser and the 
second type included pyrolysis of rubber particles of different sizes in a lab-scale pyrolysis 
reactor under isothermal conditions. The data generated from former was used for kinetic 
analysis and that from later was used for determining the influence of particle size. The 
experiments were done at 550 °C with a linear heating rate of 2, 5, 10 and 15 °C/min in a 
nitrogen flow of 60 ml/hr and residence time varying from 15 to 300 s. The pyrolysis 
kinetics was studied assuming single stage and double stage as two types of kinetic 
models. According to the TGA and DTG curve of rubber pyrolysis at 15 °C/min, two 
different chemical processes occurred. The first was decomposition of natural rubber and 
released low molar mass and volatile additives and second involved cleavage of bonds in 
polymer chains of styrene-butadiene and butyl rubber. In a small range of particle size (4‒8 
mm), the residence time and particle size were linearly dependent but in a wider range of 
particle sizes, the dependency was non-linear. The overall conversion of particles at certain 
time was calculated by integration of individual volume elements’ conversions. Based on 
the experimental data it was estimated that by doubling the particle size the residence time 
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required to achieve 90% conversion at 550 °C increased by three times [Haydary et al., 
2012]. 
 
Abbas-Abadi and co-workers investigated the effect of temperature (420‒510 °C), catalyst 
to polymer ratio (10‒60%), carrier gases and stirrer rate (0‒300 rpm) on the yield and 
composition of liquid products of LLDPE degradation. Nitrogen, argon, hydrogen, helium, 
ethene and propene gas were the different types of carrier gases used. The degradation 
experiments were studied in a 1 l semi-batch reactor at constant heating rate of 25 °C/min 
and carrier gas flow rate of 300 ml/min. The effect of temperature, FCC catalyst and 
stirring speed were studied in nitrogen gas flow. The increase in temperature decreased the 
activation energy and residence time while increased the chain breaking reactions. The 
liquid yield was highest at 450 °C while the non-condensables and coke reached maximum 
at 510 °C. The various hydrocarbons identified in the liquid products from the catalytic 
degradation of LLDPE over FCC catalyst were grouped into naphthenes, paraffins, olefins 
and aromatics. The results showed that aromatic and olefin to paraffin ratio increased with 
increase in temperature. The hydrocarbons in liquid product at 450 °C were mainly olefins 
(64.28%) and paraffins (23.63%) and were distributed from C3 to C13 compounds. When 
the temperature was raised to 480 °C the olefins increased to 67.34% with decrease in 
naphthenes and paraffins. At 510 °C, the hydrocarbon liquid yield reduced resulting in 
highest gas yield. With increase in temperature, the average molecular weight of the 
hydrocarbon liquid decreased and the carbon number distribution shifted to lower carbon 
number. The effect of catalyst to LLDPE (1:10 to 6:10) on the liquid product was though 
very small but predictable. The increase in catalyst to plastic ratio decreased the residence 
time by more than 50% from 1:10 to 6:10. A slight reduction in the liquid yield with 6 fold 
increase in catalyst concentration was attributed to early deactivation of catalyst. The 
liquid yield was maximum with catalyst to polymer ratio of 2:10 although the thermal 
degradation had the highest yield but high wax content is not suitable for consumption as 
transportation hydrocarbon. The addition of catalyst decreased the activation energy of the 
process and there by reduced the residence time. The increase in coke yield with increase 
in catalyst concentration was due to aromatisation on the catalyst surface and increased 
dehydrogenation. The main components of liquid product from catalytic degradation were 
olefins (62‒68%) and paraffins (21‒25%) with small amount of aromatics and naphthenes. 
With increase in catalyst to polymer ratio the olefins and aromatics increased while the 
naphthenes decreased. Also it was observed that the catalyst decreased the molecular 
weight of liquid product. The highest and lowest liquid yield were obtained with hydrogen 
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(95.7%) and argon (86.1%) as carrier gas, respectively but were higher than in absence of 
carrier gas (47.6%). The coke yield reduced with use of carrier gas (0.2‒4.6%) than that 
without carrier gas (19.9%). The liquid from degradation of LLDPE in presence of carrier 
gas was rich in olefins and paraffins and in presence of hydrogen the paraffins increased 
patently. The condensed hydrocarbons from the LLDPE degradation were shifted to lower 
molecular weight region and higher gasoline range with decreasing molecular weights of 
carrier gas. In the reactors with high viscosity, temperature is maximum on the reactor 
walls and minimum at the centre, thus the stirrer design and speed play a crucial role in 
maintaining temperature gradient. It was observed that with increase in stirrer spped the 
residence time decreased which was due to the increase in contact between polymer and 
reactor wall and the temperatre is attained in short time. The results indicated that the 
optimum stirring rate was 50 rpm. The olefin/paraffin ratio reduced significantly with 
stirring rate although aromatics improved slightly. The stirring rate had no significant 
effect on the molecular weight of condensed hydrocarbons although gasoline range showed 
peak at 100 rpm. Also the results showed that presence of stirrer (not moving) improved 
the heat transfer while in the absence of stirrer the temperature gradient increased to a great 
extent and residence time increased by three times [Abbas-Abadi et al., 2012]. 
 
The objective of Adrados and co-workers was to determine the effect of different waste 
components in the pyrolysis of packaging waste. The samples obtained were separated into 
families of similar nature (plastics, cellulose, inorganics, etc). Both the whole sample and 
the subsamples were pyrolysed at 500 °C in lab-scale fixed bed reactor. Two samples were 
collected from the plant in a year wich were named as sample 1 (July 2010) and sample 2 
(Oct 2010). The components of samples were classified into five groups: commodity 
plastics (PS, PP, PE, PET and PVC), thermoplastics and thermosets (SAN, POM, PMMA), 
cellulosic (paper, cardboard, wood, garden waste), inorganics (glass, ceramic and metals) 
and multimaterials. The sample collected in October 2010 (sample 2) was separated into 
three subsamples: commodity plastics (sample 2A), cellulosic (sample 2B) and the sample 
2 with inorganics removed (sample 2C). The samples were pyrolysed in 3 l unstirred 
reactor at 500 °C @ 20 °C/min in nitrogen atmosphere with temperature maintained for 30 
min. The char yield from all the experiments was significant (6.3‒23.1%) due to presence 
of oxygenated functional groups in the polymer waste. In most of the cases definite amount 
of aqueous phase was produced. The production of aqueous phase was attributed to 
moisture content in the sample and hydroxyl group in the cellulose fraction. The quantity 
of organic phase formed was very low and mostly sticked to the wall of tubing and glass 
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devices of condensing system. Also it was understood that the organic componds were in 
the range C6‒C16 with high aromatics. The organic phase of the pyrolysis liquids obtained 
from all the sample types except sample 2B mainly comprised of benzene, toluene, 
dimethyl heptane, ethyl benzene, styrene, xylene, methyl ethyl benzene, phenol, methyl 
styrene, decene, indene, naphthalene, methyl naphthalene, phenyl propyl benzene and 
phenyl naphthalene. The liquids from sample 1 and 2 were almost similar with oxygenated 
compounds slightly higher in later. The sample 2A had no oxygenated compounds but, rich 
in C6‒C9 and aromatic hydrocarbons as the sample was rich in plastics. Unfortunately, due 
to presence of PVC in the samples the liquids from their pyrolysis contained small amounts 
of chlorine (0.1‒0.75%). The presence of chlorine hampered the applicability of liquids as 
direct fuel or into refinery for further processing. The HHV (33.8‒40.3 MJ/kg) of the 
pyrolysis liquids made them potential alternative fuels. The pyrolysis gases mainly 
composed of H2, CO, CO2 and C1‒C6 hydrocarbons. The cellulosic sample produced high 
quantities of CO and CO2 than others while in others it was in proportion to the amount of 
cellulose in the original sample but, quite high except for plastic rich which had no 
cellulose. All the pyrolysis gases except those from cellulose rich had high HHV (34.2‒
46.8 MJ/kg), comparable to that of natural gas (44 MJ/kg). The high HHV of pyrolysis gas 
was suggested to be utilised for energy requirement of the process [Adrados et al., 2013]. 
 
1.8. Waste-to-energy recovery technologies and established processes 
Utilizing the science of pyrolysis and gasification of MSW many processes have been 
developed into technologies and MSW generated is converted to fuel by many countries 
with Germany on the top. Some of these technologies are been discussed here. 
 
1.8.1. Waste pyrolysis in co-combustion 
This technology is a pyrolysis process by Babcock Krauss – Maffei Industrieanlagen 
GmbH (BKMI) [Malkow, 2004]. It is based on combination of kilns and combustion 
chamber to treat MSW thermally to produce steam in Heat Recovery Steam Generator 
(HRSG) and generate electricity via steam turbine. Shredded MSW is pyrolyzed at 470 – 
500
 
°C for one hour in a rotary kiln externally heated by combusted pyrolysis gas. The 
pyrolysis gas is dedusted in an aerocyclon and then burnt with 30 – 50% excess air in 
combustion chamber at 1250 °C. After successful test runs in 1983, a 3 t/h MSW dual kiln 
operation was proved in Burgau-Unterknoringen, Germany since 1987. The process 
produced steam at 400 °C and 25 bar for 452 MWh of electricity and 1.5 GWh low 
temperature heat for space heating. The PYROPLEQ process by Mannesmann Demag 
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Energie- und unmwelttechnik GmbH (MDEU) is MSW pyrolysis at 450 – 500 °C in an 
externally heated rotary kiln and gas combustion at 1200
 
°C. This is used in Austria, 
Germany, Italy and Switzerland. The Contherm technology by RWE energie AG (RWE) 
pyrolyzes MSW, automotive shredder residue and post-consumer plastic at 500 – 550 °C in 
100 kt/y rotary kilns supplied by TECHNIIP and combusts gas directly in pulverized-coal 
fired boiler. The first ConTherm plant was built at the 769 MW PC-fired power station 
Westfalen of RWE’s subsidiary VEW in Hamm-Uentrop, Germany. 
 
1.8.2. EDDITh process 
The EDDITh process by Thide Environment S.A. of France and the Institut Français du 
Pétrol (IFP) comprises a rotary dryer fuelled by hot air, a rotating kiln externally heated 
using flue gas, a combustion chamber equipped with a low NOx burner and char separators 
for metals recovery [Malkow, 2004]. MSW is fed to dryer to remove the moisture using air 
preheated by flue gas. The dried MSW is charged into the kiln for thermolysis at 450 – 550 
°C. The pyrolysis gas is burnt in combustor at 1100
o
C with air from drier and the flue gas 
used to heat the kiln, preheat the air and HRSG. One ton of waste produces 400 kg of gas 
(CV = 12MJ/kg), 240 kg of coke, 51 kg of metal, 61 kg of inerts, 10 kg of salts and 20 kg 
of APC are also recovered. IFP operated 500 kg/h pilot facility in Vernouillet, France and a 
1.25 TPH demonstration plant is built in Nakaminato, Japan by the licensee Hitachi Ltd. 
 
1.8.3. Serpac technology 
The P.I.T. Pyroflam process by the BS Engineering S.A. affiliate SERPAC Environment of 
France [Malkow, 2004] comprises of pyrolysis and gasification of MSW in an inclined 
reactor with two interconnected chambers of cylindrical and conical shape for the former 
and the latter, respectively. The gases produced are used to generate steam in boiler. MSW 
is fed using a piston from the hopper via the drying zone into the first chamber for 
pyrolysis at 600 – 700 °C. The first chamber is heated by the flue gas from the second 
chamber where the char is gasified with air at about 800 °C. However, the pyrolysis 
chamber is dimensioned to enable sufficient residence time allowing for almost complete 
volatilisation of the organic matter and the metals are retained in the char. The pyrolysis 
gas leaves the drum along with the fuel gas above the drying section for combustion at 
1100 – 1200 °C in the boiler to generate steam. A 24 TPD plant operates at the airport in 
Budapest, Hungary to treat industrial waste. 
 
1.8.4. PKA technology 
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The technology by PKA Umwelttechnik GmbH & Co. KG (PKA) comprises a modular 
pyrolysis and gasification concept at high temperatures [Malkow, 2004]. Previously, the 
pyrolysis step was developed by Kiener with modifications by PKA’s its subsidiary 
Deutsches Brennstoffinstitut R. u. A. GmbH (DBI), starting with a pre-
processing/conditioning basically separation, screening and shredding of different kind of 
wastes such as MSW, automotive shredded residues, spent tyres, industrial and plastic 
waste as well as contaminated soil, the pyrolysis takes place at 500 – 550 °C for about 45 - 
60 min in an externally heated rotary kiln. The gas is conveyed into a converter unit where 
the hydrocarbons and organic volatiles are cracked at approximately 1000
o
C to yield a 
dedusted and homogenized CO/H2 rich fuel gas. The char containing minerals and metals is 
conditioned by separating ferrous and non-ferrous metals, reduced in moisture to <10%. 
Using oxygen – blown gasification in high temperature melting reactor the char is gasified 
at 1400 – 1500 °C to produce combustible gas and vitrified slag. The slag is granulated to 1 
mm and used in cement and construction industries. Since 1999, a 24 kTPY MSW pilot 
plant Aalen – Goldshofën, Germany generates electricity through gas turbine. Since 2000, 
an aluminium production plant in Freiberg, Germany uses pyrolysis technology to process 
12 kTPY industrial waste with high aluminium content. Biomass and polymeric waste is 
processed in 25 kWth pilot plant at Energieonderzoek Centrum Nederland since 1997. 
 
1.8.5. PyroMelt technology 
The PyroMelt process by ML Entsorgungs- und Energieanlagen GmbH (MLEE) combines 
pyrolysis and slagging combustion yielding an eluation-resistant, recyclable granulated 
slag [Malkow, 2004]. Different kinds of wastes such as MSW, post – consumer plastic, 
hazardous waste, automotive shedder residue is shredded to <15 cm and pyrolysed at 1200 
°C. Sorbents are added for insitu desulfurization/dehalogenation. Most of the pyrolysis gas 
is burnt in air to heat the pyrolysis drum and then mixed with rest of the pyrolysis gas and 
directed to HRSG to generate steam. The pyrolysis gas is scrubbed before burning using 
light and medium fraction of pyrolysis oil. During scrubbing the gas is cooled from 500 – 
600 °C to 120 – 150 °C. The char cooled from 500 – 600 °C to 50 °C by water. The char 
particles are combusted with CGC sludge in Kubota – Surface – Melt – Furnace (KSMF) 
reactor using preheated air. In the secondary furnace chamber, the exhaust gas is enriched 
with oxygen to vitrify the ash at 1350 °C resulting in an alumino – silicate matrix which is 
water quenched and granulated. The heat of oxygen enriched flue gas and combusted 
pyrolysis gas are separately utilized in different HRSGs. 
1.8.6. SIEMENS Schwel – Brenn technology 
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The Schwel – Brenn (Smolder – Burn) technology is a discontinuous carbonization – 
incineration process run below atmospheric pressure [Malkow, 2004]. It consists of 
rotating drum heated by recirculating flue gas and a high temperature furnace coupled 
HRSG. The waste is dried and pyrolyzed in an oxygen depleting atmosphere at 450 °C for 
about 1 h. the residues are subsequently removed for recycling into ferrous, non – ferrous 
and inert materials and the fine carbon rich fraction is ground to 0.1 mm and combusted 
with gas in slagging furnace at 1300
o
C in excess air to produce steam at 400
o
C and 40 bar 
for electricity. The mass balance of this process states that 1 ton of waste with 8 MJ/kg 
calorific value produces 330 – 600 kWh/t net electrical energy, 28 kg ferrous and 4 kg non-
ferrous metals with >90% purity, 17 – 20 kg hydrochloric acid, 6 – 9 kg gypsum and 140 
kg slag. A 200kg/h pilot plant operates in Ulm - Wiblingen, Germany since commissioning 
in 1988 and a demonstration plant of 80 kTPY capacity in Yokohama and a 220 TPD 
capacity at the Yame Seibu Clean Center, Fukuoka. 
 
1.8.7. Noell – KRC conversion process 
The discontinuous conversion process by BBP subsidiary Noell - KRC Energie- und 
Umwelttechnik GmbH [Malow, 2004] consists of two thermal treatment steps, pyrolysis at 
about 550 °C in an externally heated rotary kiln for about 1 h and subsequent gasification 
of the dedusted gas, the cooled condensates and the water quenched, screened and 
pulverized coke-like residues in a slagging entrained flow using oxygen at flame 
temperatures of 1400 – 2000 °C and 2 – 50 bar pressure. The different types of feedstocks 
used are MSW, industrial waste slurry, dry sewage sludge and pulverized coal. The gas 
produced in the process is used as syngas or burnt in boiler, gas turbine, engine to generate 
electricity and heat the kiln. For an attached gas turbine, 35.85 MWh MSW and 2.76 MWh 
sewage sludge would yield 5.1 MWh electricity. A 10 MWth facility of up to 700 kg/h 
capacity located in Freiberg is used to treat (sewage) sludge and several residues and 
slurries for steam generation. In 1995, a demonstration plant of 100 kT MSW and 16 kT 
dewatered sludge annual capacity started operating in Northeim, Germany. 
 
1.8.8. THERMOSELECT process 
The process is continuous and based on pyrolysis followed by fixed bed oxygen-blown 
gasification in slagging mode for joint mineral and metal residue vitrification [Malow, 
2004]. Prior to the pyrolysis, the unshredded MSW is compacted to about a fifth of its 
original volume using a hydraulic press and periodically pushed into an indirectly heated 
degassing channel where pyrolysis takes place at about 600
o
C and gasification of pyrolysis 
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products at 1200 °C and 2000 °C ensuring destruction of VOC and PCDD/F’s. The CO and 
H2 rich syngas produced is water - quenched to below 90 °C, cleaned to remove 
contaminants (NH3, HCN, COS, CS2, HF, H2S, HCl, heavy metals) by two-stage 
(acid/alkaline) wet scrubbing and the use of activated carbon. Finally, the dried gas may be 
utilized for steam raising boiler or in an engine or turbine or used as a chemical feedstock 
while part of the gas is used to heat the degassing channel. The combustion residues are 
homogenized at 1600 °C using a burner and metallurgically separated into ferrous and non-
ferrous metals on top of a slag which is subsequently quenched and granulated. Depending 
on the power generation cycle used, electrical efficiencies between 11 and 40% may be 
achieved. For example, the plant in Fontodoce using waste of 12 MJ/kg calorific value 
yielded 200–500 kWhel/t. There are two more plants of 150 and 300 TPD design capacity 
in operation at Kawasaki Steel Corporation’s Chiba Works, Japan and Karlsruhe, 
Germany, respectively. 
 
1.8.9. Von Roll RCP technology 
The recycled clean products (RCP) pyrolysis - combustion technology by Von Roll/Inova 
is based on its Duotherm process [Malkow, 2004]. A RCP plant is characterized by a grate-
type pyrolysis chamber, a melting and a Holderbank – Smelt - Redox (HSR) furnace, a 
circulating fluidized bed (CFB) reactor with an aerocyclon and a fluid ash cooler in the 
return loop as well as a HRSG. The waste is dried and pyrolyzed in CFB reactor and the 
residue is discharged from grate into the melting furnace. The residue is burnt in furnace at 
1400 °C with oxygen. The metals and slag are discharged into the second furnace for their 
separate recovery by HSR process. The gas is burnt below 1000 °C upstream in the CFB 
and the ash is collected in a cooler at the bottom of cyclone loop and returned to burnout. 
Steam is generated in HRSG and APC dust is added to melting furnace to destroy PCDD/F 
and heavy metal embedment into slag. Currently, a 16 MW pilot plant with 6 TPH MSW 
design capacity, operates in Bremerhaven, Germany and has been tested since 1997 
achieving up-to 60% throughput. 
 
1.8.10. Compact power process 
 The process by Compact Power Ltd. of the UK uses pyrolysis, gasification and high 
temperature combustion to convert different kind of wastes to gas and recovered materials 
(i.e. carbon) [Malkow, 2004]. Sorted MSW is conveyed by a screw through the heated 
tubes for pyrolysis followed by gas combustion in a cyclone at 1200–1250 °C ensuring 
slag vitrification and providing for tube heating but, mainly for steam raising in a HRSG. 
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Some of the steam is, however, used to gasify the char upon its discharge from the tubes. A 
pilot plant of 500 kg/h dual capacity went into operation at the Avonmouth site in Bristol, 
UK to process MSW and clinical waste. Further, a 7.8 MWel plant of 60 kTPY MSW 
capacity is installed in Dargavel near Dumfries, UK. 
 
1.8.11. SVZ concept 
The former town gas producer Gaskombinat Schwarze Pumpe (GSP) now SVZ of 
Germany, a recently acquired subsidiary of Global Energy, Inc., USA developed a waste 
utilization concept in 1992 involving gasification to provide 120 kTPY AA grade 
feedstocks for the methanol synthesis and to operate a 75 MW combined cycle gas turbine 
(CCGT) installation (polygeneration) [Malkow, 2004]. Processed/pre-treated waste and/or 
coal usually pelletised is gasified at 25 bar using oxygen and steam in seven grate-type 
fixed non‒slagging beds at 800–1300 °C and in one slagging British Gas Lurgi (BGL) 
gasifier at 1600 °C while semi-solid and liquid wastes are gasified at 1600–1800 °C using 
steam in two 15 TPH slagging multi-purpose gasifiers (MPGs). Ensuring almost complete 
destruction of organic pollutants and minimize tar formation at these high temperatures, the 
gas is water quenched upon leaving the reactors and steam is raised for gasification and 
subsequently subjected to effective CGC. Treating at present >450 kTPY different kind of 
wastes (post-consumer plastics, ASR light fractions, sewage sludge, tyre - derived fuel 
(TDF) and wood waste, RDF as well as oil, paint and refinery residues) primarily for their 
disposal at its site in Spreetal/Spreewitz, Germany, SVZ quotes an efficiency of >45%. The 
BGL gasifier was approved for the MSW co-fuelled IGCC coal demonstration project by 
Kentucky Pioneer Energy, LLC (KPE), a wholly owned subsidiary of Global Energy, Inc. 
at the East Kentucky Power Cooperative’s Smith site in Trapp, KY integrating a 1.25MWel 
Molten Carbonate Fuel Cell (MCFC).  
 
1.8.12. Carbo – V – Gasification 
The Carbo-V-gasification technology by UET Umwelt und Energietechnik Freiberg GmbH 
(UET) is a two‒step process [Malkow, 2004]. In the first step, air-blown gasification of 
dried and pre‒treated waste takes place at 300–350oC for <30 min in the low-temperature 
reactor termed Niedertemperaturvergaser (NTV) to yield a tarry gas and coke (8–10% 
volatiles and up to 50% carbon wt. basis) which is subsequently milled. In a second step, 
both products are gasified using preheated air or oxygen in a two-stage reactor basically an 
entrained flow at 1400 – 1500 °C to ensure ash vitrification. The MCV gas produced is 
virtually tar free and can be used to generate electricity after CGC with an efficiency of 
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25%. The HCV gas can be produced by water gas shift reaction. UET erected a 1 MWth 
pilot plant of 300 kg/h capacity in 1997‒98 while in 1998‒99 tests using wood chips, wood 
waste, organic refuse, sewage sludge and hard coal were performed for >3000 h. Currently, 
a 50 kTPY biomass plant is under construction in Freiberg, Germany to provide syngas for 
methanol production. 
 
1.8.13. WGT process 
It is basically a gasification process developed by Waste Gas Technology UK Limited 
(WGT) [Malkow, 2004]. In this process different kinds of waste (MSW, sludges, rubbers 
and plastics, wood and straw as well as chicken litter) are dried and mechanically pre-
treated basically sorting out incombustibles and granulated to optimum sized particles and 
fed into a cylindrical reactor for gasification at 700 – 900 °C to yield a HCV gas. Upon 
discharge and subsequent separation of gas and char, the latter can be utilized via 
combustion in a boiler to raise steam while the gas is quenched and cleaned of 
contaminants prior to use in a gas engine or turbine and possibly CCGT applications. Since 
1993, WGT runs a pilot plant with a capacity of 60 kg/h using a 55 kW Diesel engine for 
different feedstocks including RDF. A demonstration plant of 500 kg/h sewage sludge 
capacity was installed by the licensee OSC Process Engineering Ltd (OSC) in autumn 1998 
for Welsh Water at Nash Water Works in South Wales mainly to fire the dryer. Further, a 
110 kg/h sewage sludge processing plant was installed in 2000 in France under a WGT 
license. 
 
1.8.14. The BCL/FERCO technology 
The allothermal two-vessel gasification technology by Battelle (Memorial institute) 
Columbus Laboratory (BCL) licensed to Future Energy Resources Corporation (FERCO) 
in 1992 recently named SilvaGas is based on a low inlet velocity, high through-put 
atmospheric CFB (ACFB) gasifier and a CFB combustor [Malkow, 2004]. ACFB 
gasification of biomass and/or waste is carried out at about 830 °C in one vessel using 
steam yielded in gas cooling while char fluidized bed combustion (FBC) with air takes 
place in another vessel using sand. However, both vessels are interconnected in a way that 
the hot sand is conveyed into the gasifier. The MCV gas of 11 – 18 MJ/Nm3 calorific value 
may be utilized in an engine, turbine or after CGC in CCGT and fuel cell applications. 
Assuming a 5 – 15 MW turbine with a 1090 °C Turbine Inlet Temperature (TIT) and a 
10:1 pressure ratio, a 32% efficiency may be achieved while above 25 MW power output 
>42% is achievable. Starting research in 1977, a 3 MWth pilot gasifier was erected which 
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has more than 20,000 hours of operation accumulated using different fuels (wood chips, 
bark, sawdust, RDF and poplar as well as switchgrass). Currently, the SilvaGas process is 
considered mainly for biomass. However, RDF trials on a pilot gasifier at BCL’s site in 
Columbus, OH have been successfully performed to drive a 200 kW turbine. At present, 
the process is being demonstrated on a 12 MWel/40 MWth scale with a 200 TPD capacity 
by BCL and FERCO with US Department of Energy (DoE) support at the 50 MWel McNeil 
wood-fired power station of Burlington Electric Department in Burlington, VT to fire a 15 
MW gas turbine in CCGT mode. 
 
1.8.15. MTCI steam reforming technology 
Manufacturing & Technology Conversion International, Inc. (MTCI)’s patented 
PulseEnhanced steam reforming technology [Malkow, 2004] is based on the combustion of 
part of the yielded MCV gas in a multiple resonance - tube pulse combustor of Helmholtz-
type fully immersed in the bubbling fluidized bed (BFB) gasifier to provide the required 
heat for the steam-blown allothermal gasification at 800 – 850 °C of semi-solid and liquid 
feedstocks with high ash, alkaline and heavy metals as well as chlorine and sulfur contents 
(biomass and wastes). The majority of the gas may, however, be combusted in a boiler as 
well as utilized in a turbine or in a CCGT application. In 1984, MTCI started to develop 
the technology using various waste and biomass feedstocks including RDF in a 12 TPD 
pilot-scale reactor in Santa Fe Springs, CA. 
 
1.8.16. Krupp – Uhde PreConn process 
The PreCon process is a joint cooperation effort by Krupp Uhde GmbH and Rheinbraun 
AG of Germany [Malkow, 2004]. It is a modular fluidized bed gasification technology to 
treat waste, biomass and coal fines (<1 cm) thermally to provide producer gas. This gas can 
be used as syngas or in boiler, gas engine, turbine and blast furnace. At first, the fuel (ASR, 
contaminated coke, lignite, MSW, post-consumer plastics and sewage sludge) is screened 
to separate scrap metal and dried to <10 wt.% moisture followed by air or oxygen blown 
HTW gasification at ambient or up to 30 bar pressures and CGC coupled steam raising 
while a melting module for ash and filter dust vitrification is optional. Currently, a 20 TPD 
MSW fuelled steam raising plant at Sumitomo Heavy Industries Ltd (SHI)’s Niihama 
facility in Sikuku, Japan utilizes the concept using a gasifier at 1.5 bar pressure and the ash 
vitrification module. The HTW gasifier originally an Atmospheric BFB (ABFB) 
technology is a development by Rheinbraun AG during 1975-1997 for pressurized oxygen 
and steam-blown coal gasification at 800–1000 °C and about 10 bar. In 1979, Rheinbraun 
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operated a 25 – 40 TPD pilot lignite fuelled gasifier in Wachtberg - Frechen, Germany at 
10 bar (146 psi) while in 1989 a pressurized (25 bar) 30 MWth pilot gasifier of 160 TPD 
capacity went into operation. In Finland, 90 MWth oxygen blown gasifier by Kemira Oy of 
27 TPH capacity (60% peat and 40% wood waste) operates at 13 bar in Oulu since 1988 to 
produce syngas for ammonia synthesis. 
 
1.8.17. MFU’s gasification process 
The high-temperature oxygen-blown slagging gasification process (2sv) developed by 
Mitteldeutsche Feuerungs- und Umwelttechnik GmbH (MFU), a wholly owned subsidiary 
of GÄU Energie & Recycling GmbH of Germany [Malkow, 2004] is based on the cupola 
furnace equipped with two level oxygen burners and ideal for high through-puts (2.5 TPH 
or 30–40 GJ/h). The fuel (MSW, wood and animal waste, TDF, ASR light fractions, 
(sewage) sludge, etc) of 10–300 mm size usually achieved by crushing and shredding is 
introduced into the shaft reactor via a lock hopper. At the first burner level the fuel is 
gasified at 2000 °C whereby its partial combustion with oxygen provides the required heat. 
At the second burner the char is burnt leads to slag formation. The slag leaves the reactor 
from the bottom and the CO rich gas (15–24% H2 and <1% CH4) escapes in cross–flow 
between stages and is subjected to CGC. For testing, MFU owns a 10 kTPH pilot plant in 
Leipzig, Germany with a 1.2 TPH throughput. 
 
1.8.18. OxiTherm process 
It is a recently known process by BBP [Malkow, 2004] combines drying, degassing and 
oxygen–blown gasification of waste including MSW and RDF in a single step on a water 
cooled grate in a compact design shaft furnace with high temperature air combustion of 
produced gas and melting of incombustibles. Oxygen is injected underneath the loose pile 
of waste at supersonic speed ensuring combustion at 1500 °C. The slag is discharged below 
the grate, the gas enters above it and cross flows enabling drying, pyrolysis and gasification 
to the top into a section of post–combustion with air and recirculated flue gas.  
 
1.8.19. Tactical Garbage to Energy Refinery (TGER) 
This is a new concept of converging green practices such as systematic sustainability and 
renewable resources with military operational needs [Valdes and Warner, 2011]. These 
systems influence advanced biotechnology and thermochemical process for energy 
production and provide sustainability to military forward operating bases for tactical 
purposes. It is a trailerable, skid mounted device capable of converting waste products 
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(paper, plastic, packaging and food waste) generated by the military at the base into energy 
that can be utilized by military via a 60 kW diesel generator. The system utilizes local 
biomass into bio–energetics which displaces the diesel fuel used to power the generator set. 
The system also produces heat which is utilized in a heat exchanger to drive field 
sanitation, shower, laundry and cooling devices. 
 
1.9. Scope of project 
The energy crisis and management of the increasing quantities of waste being generated in 
modern society are both hot issues, particularly for developing countries such as India. 
According to a report published by the Ministry of Urban Development (MoUD), 
Government of India 10
11
 tons per day of MSW was generated in India in the year 2000. 
This increased to 1.27x10
11
 tons per day in the year 2012 (as per the information received 
from the State Pollution Control boards/Pollution Control Committees). Of the 
aforementioned waste approximately 70% is collected and 12.45% is treated [CPCB, 
2012]. A non-segregated model is followed in the solid waste management system in India 
which accounts to presence of sand, silt and dust in the municipal solid waste with bio-
degradable fraction being the major portion. The various components found in the waste 
include organic matter (30-45%), plastics (0.3-0.8%), paper (2.9-6.5%), glass (0.35-1%) 
and metals (0.3–0.8%), out of which paper, glass and metals are recyclable materials. 
Therefore, the organic matter and plastics were selected for the present study. In addition, 
the activated sludge generated by effluent treatment plants which is available in huge 
quantities concomitant to the domestic wastewater was also selected as pyrolysis feedstock. 
A potential solution that addresses both of the aforementioned challenges is to develop 
processes such as pyrolysis that are capable of converting waste into fuel. In line with the 
objectives silica based materials viz., sand and silica gel were selected to retain heat during 
pyrolysis. Therefore, the main aim of this project was to investigate the conversion of three 
types of waste into fuel using pyrolysis. 
 
The specific aims of the project were: 
1. To investigate the influence of the two main operating parameters (temperature and 
retention time) on the types and amounts of products generated from pyrolysis of 
kitchen based vegetable waste (KVW), plastic waste and activated sludge. 
2. To investigate the influence of two inorganic based additives that are commonly found 
in different wastes (sand, silica) on the types and amounts of products generated from 
pyrolysis of kitchen based vegetable waste (KVW), plastic waste and activated sludge. 
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3. To investigate the effect mixing different waste types has on pyrolysis products / 
product composition. 
4. To investigate the chemistry occurring during pyrolysis of complex wastes. 
5. To investigate an alternative use (i.e. non fuel based use) for one of the main products 
generated in pyrolysis of waste (char). This involved investigating conversion of char 
into activated carbon and investigating sorption properties of the activated carbon 
generated. 
6. To determine the net energy gain (or loss) from pyrolysis of different types of wastes 
(based on the potential energy content of the products generated from pyrolysis and the 
amount of energy consumed during the pyrolysis process). 
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2. Materials, Methods and Characterization 
 
2.1. Materials 
2.1.1. Kitchen based vegetable waste 
The kitchen based vegetable waste (KVW) used was obtained from the CSIR – IICT 
institute canteen. It was comprised mostly of peelings and choppings of raw vegetables and 
fruits. Prior to use KVW was dried under direct sun light for three days to remove the 
unbound moisture content. 10 g of shredded KVW was loaded for each experiment packed 
in between glass wool. 
 
2.1.2 Activated sludge  
Activated sludge was obtained from the settling tank of an ASP at an effluent treatment 
plant (ETP). Prior to use, the ASP sludge (ASP-S) was dried under direct sun for three days 
to remove the unbound moisture. The dried sludge was physically shredded prior to use. 
 
2.1.3. Waste plastics 
The plastic waste used for the pyrolysis experiments was collected from the local 
authorities responsible for garbage collection. Two types of plastic waste were selected; 
low density polyethylene (LDPE) and general purpose polystyrene (GPPS). 
 
2.1.4. Reagents and chemicals 
Powdered silica gel (assay: 99.96%; 60–120 mesh; Himedia laboratories Ltd., India) and 
coarse sand (0.63–1 mm; acquired from a construction site) were used as received. The 
sand is mainly composed of silica with calcium, sodium and iron silicates as other minor 
compounds. C.I. Acid Black 10B (4-amino-5-hydroxy-3-[(4-nitrophenyl)azo]-6-
(phenylazo)-2,7-naphthalene disulfonic acid disodium salt; C22-H14N6O9S2Na2; MW, 
616.49; CAS No. 1064-48-8), was used as received. KOH pellets and concentrated HCl 
(laboratory grade, AVRA Industries Pvt. Ltd., India and Rankem Fine Chemicals Ltd., 
India respectively) were used as received. 
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2.2. Methods 
2.2.1. Pyrolysis experiments 
2.2.1.1. Pyrolysis reactor set-up 
Pyrolysis experiments were conducted in a specially designed reactor fabricated in the 
institute (Fig. 2.1). The set-up broadly consists of three parts: pyrolysis reactor, furnace and 
condenser. The length of the reactor was 18ʺ (1ʺ diameter; 3 mm thick; SS316) with one 
end welded to a 6 mm pipe (SS316) and the other to a 3 mm thick flange of 2ʺ diameter 
(SS304). The former serves the inlet and the latter as outlet. The flange joints are closed by 
1ʺ bolts with an asbestos packing. The reactor was placed inside a furnace (16ʺ x 4ʺ) with 
14ʺ heating zone insulated with glasswool. The inlet and outlets of the reactor were 
connected to a nitrogen cylinder and an ice-bath condenser, respectively. The ice-bath 
condenser was used to cool the gas produced and to separate the condensable gases. 
 
 
Figure 2.1: Schematic diagram of pyrolysis setup 
 
2.2.1.2. Methodology for pyrolysis experiments 
The pyrolysis experiments were carried out in nitrogen rich atmosphere in a pyrolysis 
reactor on batch mode basis. A fixed amount of dry waste sample was packed in the reactor 
and purged with pure nitrogen (99.999%) for two minutes. For the experiments with added 
silica gel/sand, these additives were mixed with the dry waste samples at a ratio of 1 
(sand/silica gel):9 (dry waste) prior to it being packed in the reactor. The reactor with the 
waste was then heated at a rate of 12 K/min. The decomposition of waste sample was 
evaluated at various temperatures (673 K, 773 K, 873 K and 1073 K) and retention time 
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(60 min, 120 min and 180 min). The volatile substances evolved during pyrolysis were 
passed through ice-bath condenser to separate the condensable gases from the non-
condensable ones. The volume of gas evolved from pyrolysis was measured through water 
displacement technique whenever required. 
 
2.2.2. Char pre‒treatment and adsorbent preparation 
Char from pyrolysis experiments was collected and mixed with KOH in a ratio of 1:4 by 
weight. The mixture was then placed in the pyrolysis reactor and fixed inside the heater. 
Pure nitrogen gas (99.99%) was passed through the reactor to maintain inert atmosphere 
for the reaction. The reactor was heated at a controlled rate of 10 K/min to 1073 K and 
maintained for 5 hours thereafter (Fig. 2.2). At the end of the process the reactor was 
allowed to cool and the resultant material was neutralized with 10% HCl. The material was 
washed with distilled water until the pH of the filtrate was 7.0. Finally, the resulting 
activated carbon was dried overnight at 333 K. 
 
 
Figure 2.2: Processes used for conversion of char into activated carbon 
 
2.2.3. Dye adsorption experiments 
Dye adsorption experiments were carried out in batch mode at 303 K at solution pH from 
4–7. A fixed amount of activated carbon (200 mg) was added to the reaction vessel 
containing the acid black 10 B dye solution (100 ml of 10 mg/l). The flask was then closed 
with a cotton plug and placed in an orbital shaking incubator (Labtech) at 120 rpm for one 
hour. Samples of aqueous solution were collected at regular intervals and the concentration 
of dye determined. The dye adsorption capacity of the activated carbon was calculated 
using equation 2.2.3.1. 
 
W
VCC
q t

 0        (2.2.3.1) 
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Where, q (mg/g) is the dye adsorption capacity of the activated carbon, C0 and Ct (mg/l) 
are the dye concentration in the aqueous solution at time t=0 and t respectively, V (l) is the 
volume of dye solution, and W (g) is the weight of activated carbon. 
 
2.3. Characterization and analysis methods 
2.3.1. Thermo-gravimetric analysis (TGA) 
The volatile matter content in the different wastes studied (after air drying) was determined 
using a thermo-gravimetric analyzer (Metler Toledo TGA/SDTA 851
e
). A fixed amount of 
dry waste was loaded and the instrument was purged with nitrogen. The temperature was 
increased from room temperature to 900 °C @ 5 °C/min and the weight loss was recorded. 
The volatile matter content was calculated based on the percentage weight loss from the 
derivative curve. 
 
2.3.2. Elemental Analysis 
The elemental analysis of the dry waste was performed on Vario Micro Cube CHNS 
analyzer.  
 
2.3.3. Gas-Chromatography (GC) 
Compositional analysis of the gas evolved in pyrolysis experiments was determined using 
gas chromatograph (NUCON 5765; thermal conductivity detector (TCD); 1/8ʺ x 2 m 
Heysep Q column; nitrogen carrier gas). The injector and detector were maintained at 60  C 
and the oven was operated at 40  C isothermally. The compounds present in the gas were 
quantified using a calibration gas supplied by Spangas & Equipments Ltd., Navi Mumbai, 
India. 
 
2.3.4. Gas Chromatography–Mass Spectroscopy (GC–MS) 
Compositional analysis of the oil evolved in pyrolysis experiments was determined using 
GC–MS (Varian CP3800; mass spectroscopy detector). The injector and detector were 
maintained at 200  C and the oven temperature was maintained at 60  C for 3 min and then 
increased to 200  C  5  C/min. 
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2.3.5. Scanning Electron Microscope (SEM) 
SEM analysis was performed on a FEI Quanta 200 ESEM, operating at an accelerating 
voltage of 30 kV, with a spot size of 3 nm and a working distance of 10 mm. All samples 
were drop casted directly onto an aluminum SEM stub. 
 
2.4.6. X – Ray Diffraction (XRD) 
XRD analysis of all the samples was conducted using a D4 Endeavour Bruker at a voltage 
of 40 kV and current of 40 mA with CuKa radiation. 
  
2.4.7. Brunauer-Emmett-Teller (BET) surface area 
Surface area analysis was conducted using a Micromeritics ASAP 2010 surface area 
analyzer. The samples where pre-treated under high vacuum at 250  C for 18 h prior to 
analysis. 
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3. Pyrolysis of kitchen based vegetable waste 
  
3.1. Introduction 
As discussed in chapter 1 there are multiple types of waste generated by the society such as 
domestic (during food preparation), sewage, plastics, building materials, etc. Of the 
aforementioned wastes only certain types have significant potential with regards to reuse 
options. The type of waste generated from food preparation is mostly comprised of 
cellulosic compounds. The cellulosic compounds have significant potential as raw material 
for production of fuels. These compounds can be converted to fuels by adopting waste-to-
energy technologies like anaerobic digestion, microbial fuel cell, combustion, gasification, 
pyrolysis, etc. Pyrolysis is one of the challenging processes which eliminates several 
limitations faced by other processes (discussed in chapter 1) and can be utilized to convert 
waste to a renewable source of energy. 
 
Pyrolysis of kitchen based vegetable waste (KVW) leads to thermal decomposition of the 
same into products mostly being gaseous, liquid and solid fuels. The gaseous products are 
hydrogen, methane and carbon-di-oxide. The KVW waste is similar to the agricultural 
residual waste and hence the composition of the oil from pyrolysis of KVW is most likely 
similar to that generated from pyrolysis of agricultural residual waste. The oil generally 
contains following classes of organic compounds: aldehydes, ketones, alcohols, carboxylic 
acids, aromatics, etc [Cordella et al., 2012; Lu et al., 2012]. The use of this type of 
pyrolysis oil as a fuel for internal combustion engine could be complicated due to its acidic 
nature and poor ignition properties. In addition it is not suitable for blending as it is 
immiscible with hydrocarbons [Beld et al., 2013]. The fuel properties of the 
aforementioned pyrolysis oil could be improved and stand at par with the petroleum based 
fuels by employing upgrading techniques. The various techniques possible are hydro-
treatment [Majhi et al., 2013; Xu et al., 2010], hydrodeoxygenation [Joshi and Lawal, 
2012], esterification [Cui et al., 2010], emulsification [Ikura et al., 2003] and steam 
reforming [Trane et al., 2012). 
 
A vast study on the pyrolysis of different types of waste such as agricultural wastes 
[Demirbas, 2002] [Demirbas, 2002] [Imam and Capareda, 2012] [Pattiya and Suttibak, 
2012] [Lu et al., 2011] [Demiral, 2012] [Shah et al., 2012] [Gai et al., 2013] [Lu et al., 
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2011] [Gai et al., 2013] [Zhu et al., 2012],  waste paper [Wu et al., 2003], forest biomass 
residues [Luik et al., 2007], wood waste [Phan et al., 2008] [Jung et al., 2012], bark residue 
[Senoz, 2003], polymers [Singh et al., 2012] [Mitan et al., 2008] [Adrados et al., 2013] 
[Lah et al., 2013] is carried out but the knowledge lacks on pyrolysis of municipal solid 
waste (with regards to mixture of bio-degradable and polymer which is mostly found in 
developing nations like India) and the technical feasibility of the process. 
 
In this chapter, an attempt is made to elucidate the effect of pyrolysis parameters and added 
silica gel/sand on the kitchen based vegetable waste. The variation on the yield and 
composition of gaseous, liquid and solid products were studied. Also to understand the 
potential of the aforementioned waste as a renewable source of energy, a comprehensive 
energy analysis over the pyrolysis process was carried out. The energy required for 
pyrolysis was calculated based on the temperature and retention time of the process. The 
energy generated in form of gaseous, liquid and solid products was calculated based on 
their calorific value (Appendix). The best operating parameter to maximize on electrical 
power and methane was also evaluated. 
 
3.2. Results and Discussion 
3.2.1. Characterization of waste 
The dried and shredded KVW used in pyrolysis experiments was subjected to 
thermogravimetric analysis (TGA) under a nitrogen atmosphere to gain information on the 
amount of volatile matter present. The results obtained are given in figure 3.1. The TGA 
curve had three different sections based on the rate of mass loss. On heating from room 
temperature to 280  C the mass loss was ~16 % (weight basis) with the weight loss rate 
being around 0.002 mg/ C. In the temperature range 280 to 350  C the total mass loss was 
34.2 % (weight basis). For the aforementioned temperature range the rate of mass loss 
dramatically increased to 0.012 mg/ C. The dTGA curve showed a peak at around 350 °C 
which corresponds to the volatile matter content in the sample. A constant rate of mass loss 
(0.002 mg/ C) was observed as the temperature was increased further to 900  C which was 
most likely due to non-oxidative degradation reactions. Compositional analysis of dry 
KVW showed it to contain 29.93% of carbon, 4.18% of hydrogen, 1.96% of nitrogen and 
0.12% of sulfur. 
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Figure 3.1: TGA report of KVW 
 
3.2.2. Pyrolysis in absence of silica gel/sand 
3.2.2.1. Pyrolysis gas 
Fig. 3.2 illustrates the total gas yield from pyrolysis of KVW at four different temperatures 
(673 K, 773 K, 873 K and 1073 K) and three retention times (60 min, 120 min, 180 min). 
The pyrolysis gas yield was found to be directly proportional to the pyrolysis temperature, 
i.e., the gas volume increased with increasing temperature. The gas yield after 60 min at 
673 K, 773 K, 873 K and 1073 K was 41.6 ml/g, 112 ml/g, 166 ml/g and 214 ml/g, 
respectively. The gas yield was also found to increase with pyrolysis time. The gas yield at 
873 K in 60 min, 120 min and 180 min was 166 ml/g, 182 ml/g and 192 ml/g respectively. 
The maximum yield was 260 ml/g at 1073 K in 180 min. The influences of temperature 
and time on gas yield are similar to that reported for pyrolysis of plant biomass [Qinglan et 
al., 2010], rice straw and saw-dust [Chen et al., 2003]. 
 
3.2.2.2. Hydrogen 
H2 production results from pyrolysis of KVW at four different temperatures (673 K, 773 K, 
873 K and 1073 K) and three retention times (60 min, 120 min, 180 min) are given in Fig. 
3.2. The H2 yield was found to be strongly correlated with pyrolysis time, where at 873 K 
the lowest yield was at 60 min (24.352 ml/g) followed by 120 min (57.485 ml/g) and 180 
min (61.805 ml/g). Similar observations were reported with plant biomass pyrolysis 
[Qinglan et al., 2010] and agriculture biomass pyrolysis [Chen et al., 2003]. Similarly, the 
H2 yield was also found to increase with increasing pyrolysis temperature [673 K, 1.077 
ml/g; 773 K, 19.61 ml/g; 873 K, 57.485 ml/g; 1073 K, 84.411 ml/g at 120 min]. The 
maximum H2 yield was obtained at an operating temperature of 1073 K in 180 min (84.989 
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ml/g). It is evident from the data that maximum H2 production can be achieved when 
exposed to high temperature for longer retention times (Table 3.1). 
 
3.2.2.3. Methane 
The amount of CH4 produced from pyrolysis of KVW was strongly influenced by pyrolysis 
temperature and time (Fig. 3.2). Contrary to the H2 production, CH4 generation showed 
some significant deviations with the experimental conditions studied. The CH4 yield was 
strongly correlated to the temperature when operated for a short retention time (60 min). 
However, at longer pyrolysis time, the yield decreased at higher temperatures. The 
maximum yield point shifts towards lower temperature when the retention time was 
increased. Interestingly no CH4 production was observed at the lowest temperature (673 K) 
and pyrolysis time (60 min) studied, while the maximum production (38.433 ml/g) was 
observed at a temperature of 873 K and pyrolysis time of 120 min (Table 3.1). At low 
temperatures (673 K and 773 K) the yield increased with retention time but, higher 
temperatures (873 K and 1073 K) the yield was low at long retention time (180 min). The 
steam reformation reaction, which is highly endothermic in nature, might have been the 
reason for decrease in the methane yield at high temperatures and long retention times. 
Pyrolysis of MSW showed a similar pattern in production of hydrocarbon gases with time 
at constant temperature [Velghe et al., 2011] and pyrolysis of corn-cob and corn-stalk 
showed direct dependency on the temperature [Ioannidou et al., 2009]. 
 
3.2.2.4. Carbon-di-oxide 
Fig. 3.2 shows the results of CO2 production from the pyrolysis of KVW at four different 
temperatures (673 K, 773 K, 873 K and 1073 K) and three retention times (60 min, 120 
min, 180 min). The volume of CO2 gas was calculated by difference. Initially, the CO2 
comprised of more than 99% of the total gas produced at lower pyrolysis time (60 min) and 
temperature (673 K) which decreased with increase in both pyrolysis time and temperature. 
Though the CO2 fraction got decreased, the quantity of CO2 in the total gas increased 
initially and then decreased with temperature at short retention time (60 min), while 
reversed at longer retention time (120 and 180 min). The increase in CO2 yield at long 
retention time (120 and 180 min) could have been due to steam reformation of methane. 
The evolution of CO2 gas in the absence of oxygen could be due to the presence of oxygen 
in the waste it-self. This can also be discussed as initially CO2 was produced from 
pyrolysis of waste and later formation of other gases reduced the share in the total gas. 
Similar observations were reported with the pyrolysis of MSW (Velghe et al., 2011). 
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Figure 3.2: Variation in the yields of product gases from pyrolysis of kitchen based vegetable 
waste 
 
3.2.2.5. Liquid product (oil) 
Fig. 3.3 shows the amount of liquid products (oil) generated from the pyrolysis of KVW at 
four different temperatures (673 K, 773 K, 873 K and 1073 K) and three retention times 
(60 min, 120 min, 180 min). The oil yields increased with increasing temperature for tests 
conducted over 60 min. the trends with temperature >773 K were slightly different for tests 
conducted over longer retention times (120 and 180 min) where the yields were observed 
to decrease with rise in  temperature. The trends observed for retention time >60 min are 
discussed in detail in section 3.2.6. 
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Figure 3.3: Variation in the oil yield from pyrolysis of kitchen based vegetable waste 
 
Table 3.1: Gas and oil yields (ml/g) in pyrolysis of kitchen waste 
Time (min) Component 
Temperature (K) 
673 773 873 1073 
60 
Hydrogen 0.119 6.014 24.352 82.779 
Methane 0.000 9.173 16.102 41.640 
CO2 41.481 96.813 125.546 89.580 
Pyrolysis gas 41.600 112.000 166.000 214.000 
Pyrolysis oil 0.000 0.180 0.300 0.370 
120 
Hydrogen 1.077 19.610 57.485 84.411 
Methane 4.496 27.990 38.433 20.959 
CO2 116.427 112.400 86.082 150.630 
Pyrolysis gas 122.000 160.000 182.000 256.000 
Pyrolysis oil 0.150 0.300 0.300 0.300 
180 
Hydrogen 1.078 26.713 61.805 84.989 
Methane 4.702 35.395 21.533 22.175 
CO2 116.220 103.893 108.662 152.836 
Pyrolysis gas 122.000 166.000 192.000 260.000 
Pyrolysis oil 0.200 0.310 0.270 0.200 
 
3.2.2.6. Char 
Fig. 3.4 exhibits the char yield results from the pyrolysis of KVW at four different 
temperatures (673 K, 773 K, 873 K and 1073 K) and three retention times (60 min, 120 
min, 180 min). The char yield was observed to decrease with both, time and temperature. 
The char yield was highest at 673 K, 60 min (0.557 g/g) while least at 1073 K, 180 min 
(0.226 g/g). The char residues obtained after pyrolysis at the different temperatures 
investigated were subjected to TGA analysis. The TGA/dTGA curve of char residue 
obtained at 673 K illustrated a similar mass loss pattern as that of dry KVW with a reduced 
mass loss (11.26 %wt) in the temperature range 280 – 350  C which, proved reduction in 
the volatile matter content (Fig. 3.5). However, this mass loss pattern (in the temperature 
range 280 – 350  C) was absent in the TGA results of char produced at 1073 K which was 
due to the fact that the devolatization reaction ended and all the volatile matter evolved 
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form of gas. The rate of mass loss was high in the temperature range 350 – 900  C which 
were the result of decomposition of compounds that were stable at 1073 K during 
pyrolysis. 
 
 
Figure 3.4: Variation in the char yield from pyrolysis of kitchen based vegetable waste 
 
 
 
Figure 3.5: TGA report of (a) Char at 673 K (b) Char at 1073 K 
 
 
 
(a) 
(b) 
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3.2.3. Pyrolysis in presence of silica gel 
3.2.3.1. Pyrolysis gas 
Pyrolysis of KVW in the presence of silica gel gave a relatively higher pyrolysis gas yield 
than that with no added silica gel (Fig. 3.6). The total gas yield was found to increase with 
pyrolysis time [30 min, 154 ml/g; 60 min, 168 ml/g; 120 min, 192 ml/g at 873 K] and 
pyrolysis temperature [673 K, 100 ml/g; 773 K, 148 ml/g; 873 K, 168 ml/g in 60 min]. The 
maximum gas yield (192 ml/g) was observed at 873 K when exposed for 120 min. The 
silica gel presence increased the pyrolysis gas yield [673 K, 60 min: 2.4 times; 773 K, 60 
min: 1.32 times; 873 K, 60 min: 1.012 times; 873 K, 120 min: 1.05 times] significantly at 
all the experimental conditions studied. 
 
3.2.3.2. Hydrogen 
The H2 yield was found to be directly related to pyrolysis temperature [673 K, 1.123 ml/g; 
773 K, 2.571 ml/g; 873 K, 34.114 ml/g in 60 min] (Figure 3.6). At low pyrolysis 
temperature (673 K) the yield was slightly influenced by pyrolysis time [30 min: 1.88 ml/g; 
60 min: 1.123 ml/g; 120 min: 0.778 ml/g], however, at high temperature (873 K) it 
increased significantly with time [30 min: 19.543 ml/g; 60 min: 34.114 ml/g; 120 min: 
64.017 ml/g]. The maximum yield was observed at 873 K (64.017 ml/g) in 120 min. Based 
on a comparision of the H2 yields obtained when no silica was present (Figure 3.2) the 
addition of silica clearly had a positive influence on hydrogen production after 120 minutes 
(Fig. 3.6, Table 3.2). A similar observation was reported with Cr2O3 as additive during the 
pyrolysis of rice straw and saw dust [Chen et al., 2003]. This pattern was observed also in 
the pyrolysis of corncob when Al-MCM 41 was used as additive [Ioannidou et al., 2009]. 
The influence of silica gel on the products generated from pyrolysis of KVW are discussed 
in detail in section   
 
3.2.3.3. Methane 
The trends in CH4 production were relatively similar to that of H2 from pyrolysis of KVW 
in presence of silica gel (Fig 3.6). Direct influence of pyrolysis temperature on the CH4 
yield [673 K, 3.491 ml/g; 773 K, 7.103 ml/ g; 873 K, 50.244 ml/g in 60 min] was observed 
(Table 3.2). When temperature effect was compared with the pyrolysis in absence of silica 
gel, the yield continuously increased with temperature at all the pyrolysis times. The CH4 
yield (0.428 ml/g) was observed at 673 K and 30 min as compared to no production when 
no silica gel was added (673 K, 60 min). The temperature effect shown was contradictory 
to plant biomass pyrolysis in presence of NiMo/Al2O3 [Qinglan et al., 2010]. The 
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maximum yield point moved towards higher temperature instead of lowers as in the 
absence of the additive. There was a visible effect of Al-MCM 41 on methane yield in 
corncob and cornstalk pyrolysis [Ioannidou et al., 2009]. 
 
3.2.3.4. Carbon‒di‒oxide 
Fig. 3.6 exhibits the results of CO2 production from pyrolysis of KVW with added silica 
gel at three different temperatures (673 K, 773 K and 873 K) and three retention times (30 
min, 60 min and 120 min). Initially the CO2 gas comprised of more than 97% of total gas 
produced at low temperature (673 K) and time (30 min) but later showed an inverse 
dependency with the pyrolysis time and temperature. Though the percentage share of CO2 
in pyrolysis gas decreased with pyrolysis temperature the volume of gas initially raised and 
later dropped (673 K, 95.386 ml/g; 773 K, 138.327 ml/g; 873 K, 83.642 ml/g in 60 min). 
The pyrolysis time had no effect on CO2 yield at low temperature (673 K) and a falling 
pattern was seen at higher temperature (873 K). Contrary to this observation, Al-MCM 41 
had no effect on CO2 yield in corncob/cornstalk pyrolysis [Ioannidou et al., 2009]. 
 
3.2.3.5. Liquid product (oil) 
Figure 3.7 illustrates the oil yield from pyrolysis of KVW with added silica gel at three 
different temperatures (673 K, 773 K and 873 K) and three retention times (30 min, 60 
min, 120 min). The oil yield increased with increase in temperature from 673 K to 773 K 
and then remained unchanged further. The oil yield was observed to increase with increase 
in retention time from 30 min to 60 min and then reduce at 120 min. The addition of silica 
gel improved the oil yield at low temperature (673 K) and short retention time (60 min) 
but, had a reverse effect at higher temperatures and longer retention times. 
  
3.2.3.6. Char 
Figure 3.8 illustrates the char yield from pyrolysis of KVW with added silica gel at three 
different temperatures (673 K, 773 K and 873 K) and three retention times (30 min, 60 
min, 120 min). The char yield decreased significantly with temperature. The effect of 
retention time was significant at low temperature while had no effect at higher 
temperatures. 
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Figure 3.6: Variation in the yields of product gases from pyrolysis of kitchen based vegetable 
waste in presence of silica gel 
 
 
Figure 3.7: Variation in the oil yield from pyrolysis of kitchen based vegetable waste in 
presence of silica gel 
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Table 3.2: Gas and oil yields (ml/g) from pyrolysis of kitchen waste in presence of silica gel 
Time (min) Component 
Temperature (K) 
673 773 873 
30 
Hydrogen 1.880 9.432 19.543 
Methane 0.428 10.001 9.764 
CO2 97.692 126.567 124.694 
Pyrolysis gas 100.000 146.000 154.000 
Pyrolysis oil 0.020 0.050 0.060 
60 
Hydrogen 1.123 2.571 34.114 
Methane 3.491 7.103 50.244 
CO2 95.386 138.327 83.642 
Pyrolysis gas 100.000 148.000 168.000 
Pyrolysis oil 0.100 0.300 0.300 
120 
Hydrogen 0.778 11.173 64.017 
Methane 1.019 28.292 48.680 
CO2 98.203 116.535 79.304 
Pyrolysis gas 100.000 156.000 192.000 
Pyrolysis oil 0.020 0.240 0.240 
 
 
Figure 3.8: Variation in the char yield from pyrolysis of kitchen based vegetable waste in 
presence of silica gel 
 
3.2.4. Pyrolysis in presence of sand 
3.2.4.1. Pyrolysis gas 
The total gas yield from pyrolysis of KVW in presence of sand was found to increase with 
increment in temperature [673 K: 120 ml/g, 773 K: 140 ml/g, and 873 K: 192 ml/g in 60 
min] as observed in pyrolysis with no additives and added silica gel (Fig. 3.9). The total 
gas yield was nearly constant with pyrolysis time at low temperature [30 min: 148 ml/g, 60 
min: 140 ml/g, 120 min: 144 ml/g at 773 K] and a marginal increment at high temperature 
[30 min: 188 ml/g, 60 min: 192 ml/g, 120 min: 196 ml/g] which when compared to 
pyrolysis in presence of silica gel shows a visible increment at high temperature. The 
maximum pyrolysis gas yield (196 ml/g) was documented at 873 K in 120 min. 
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3.2.4.2. Hydrogen 
Continuous increment in the H2 yield with increasing temperature [673 K: 1.488 ml/g, 773 
K: 17.654 ml/g, and 873 K: 79.63 ml/g, in 60 min] is illustrated by Fig. 3.9. Similarly, the 
H2 yield was observed proportionally increasing with time [30 min: 6.937 ml/g, 60 min: 
79.63 ml/g, and 120 min: 81.983 ml/g, at 873 K] (Table 3.3). There was a gradual increase 
in yield with temperature at short pyrolysis times but, a sudden rise was observed at longer 
times. The yield pattern stands almost similar to pyrolysis with and without added silica 
gel. The maximum H2 yield (81.983 ml/g) was noticed at 873 K and 120 min. 
 
3.2.4.3. Methane 
CH4 yield increased concurrently with the temperature at all pyrolysis times which was 
more or less similar to pyrolysis in presence of silica gel (Fig. 3.9). This observation was 
contrary to the pyrolysis with no additives, where the yield increased initially followed by 
decrement. The temperature effect is contradictory to added NiMo/Al2O3 plant based 
biomass pyrolysis [Qinglan et al., 2010] and similar to added Al-MCM-41 corn-cob/stalk 
pyrolysis [Ioannidou et al., 2009]. Not much influence of retention time [30 min: 1.976 
ml/g, 60 min: 1.249 ml/g and 120 min: 2.207 ml/g] was observed at low temperature (673 
K) but a sharp increase in yield [30 min: 9.663 ml/g, 60 min: 71.485 ml/g and 120 min: 
71.077 ml/g] was evidenced at higher temperature (873 K). The maximum yield (71.485 
ml/g) was documented at 873 K and 60 min. The yield was found to be 4.44 times higher 
(at 873 K; 60 min) than the pyrolysis without additives while by 1.42 times with silica gel 
added at same conditions. 
 
3.2.4.4. Carbon‒di‒oxide 
Initially at low temperature and time, the CO2 comprised of more than 97% of total gas 
produced which decreased with increase in retention time and temperature (Fig. 3.9). There 
was a marked fall in the percentage share of CO2 in total gas with increase in temperature 
(97.65% at 673 K, 30 min to 21.908% at 873 K, 120 min) which was similar to that with 
presence of silica gel. There was a decrease in both percentage share and volume of CO2 in 
total gas with time and temperature with an exception at low temperature. Contrary to this 
pyrolysis with added Al-MCM-41 did not show any influence on the CO2 yield [Ioannidou 
et al., 2009]. 
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Figure 3.9: Variation in the yields of product gases from pyrolysis of kitchen based vegetable 
waste in presence of sand 
 
3.2.4.5. Liquid product (oil) 
Figure 3.10 shows the pyrolysis oil yield from pyrolysis of KVW in presence of sand at 
three different temperatures (673 K, 773 K and 873 K) and three retention times (30 min, 
60 min, 120 min). At low temperature (673 K) the oil yield increased with increase in 
retention time from 30 to 60 min and then decreased after 120 min. But, at higher 
temperatures (773 K and 873 K) the oil yield decreased with increase in retention time. 
Similar to the effect of added silica gel, the addition of sand produced higher quantity of oil 
at low temperature (673 K) and short retention time (60 min) but, had a reverse effect at 
higher temperatures and longer retention times. 
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Figure 3.10: Variation in the oil yield from pyrolysis of kitchen based vegetable waste in 
presence of sand 
 
Table 3.3: Gas and oil yields (ml/g) from pyrolysis of kitchen based vegetable waste in 
presence of sand 
Time (min) Component 
Temperature (K) 
673 773 873 
30 
Hydrogen 0.562 4.322 6.937 
Methane 1.976 9.886 9.663 
CO2 105.462 133.792 171.400 
Pyrolysis gas 108.000 148.000 188.000 
Pyrolysis oil 0.050 0.020 0.200 
60 
 
Hydrogen 1.488 17.654 79.630 
Methane 1.349 20.880 71.485 
CO2 117.163 101.466 40.884 
Pyrolysis gas  120.000 140.000 192.000 
Pyrolysis oil 0.100 0.008 0.200 
120 
Hydrogen 1.973 12.082 81.983 
Methane 2.207 19.093 71.077 
CO2 115.820 112.825 42.940 
Pyrolysis gas 120.000 144.000 196.000 
Pyrolysis oil 0.02 0.008 0.100 
 
3.2.4.6. Char 
Figure 3.11 shows the char yield from pyrolysis of KVW in presence of sand at three 
different temperatures (673 K, 773 K and 873 K) and three retention times (30 min, 60 
min, 120 min). The char yield gradually reduced with temperature but was almost 
unaffected by retention time. 
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Figure 3.11: Variation in the char yield from pyrolysis of kitchen based vegetable waste in 
presence of sand 
 
3.2.5. Discussion of influence of silica gel / sand on pyrolysis on products generated 
from generated 
The influence of silica gel / sand on the compostion of products generated from pyrolysis 
of KVW was most likely due to reaction between compounds in KVW (or intermediates 
formed during pyrolysis) with surface silanol groups (Si-OH).  Silanols (Fig. 3.12) exist 
not only as chemical compounds, but are pervasive on the surface of silica and 
related silicates. 
 
 
Figure 3.12: Silanol groups on the surface of silica gel and other related silicates 
 
An additional potential influence of silica gel / sand involves the surfaces of these 
materials containing surface sites that lead to dissociation of compounds present in the 
system (dissociative adsorption). This would most likely lead to an alteration in the 
reaction pathway(s) taking place for compounds that dissociatively adsorb to the silica gel / 
sand, which in turn would lead to a difference in the final products obtained.    
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3.2.6. Principal component analysis 
Principal component analysis was conducted on the data obtained from pyrolysis testing to 
investigate if any correlations between the reaction conditions studied and the products 
obtained. The red points in figure 3.13 represent experimental conditions (temperature and 
time) and the blue points represent the pyrolysis with and without silica gel/sand. Of the 
principal components obtained (F1 and F2) for pyrolysis gas, F1 and F2 explained 86.67% 
and 13.33% of total variance, respectively (Fig. 3.13a). The low (673 K) and medium (773 
– 873 K) temperature data points fall on the positive side along with data points 
corresponding to pyrolysis with additives while the high temperature (1073 K) points fall 
on the negative side along with data points corresponding to pyrolysis with no added silica 
gel/sand. This shows that with addition of silica gel/sand the pyrolysis gas yield can be 
maximized at lower temperature. Similarly PCA was applied to H2 production and biplot 
was obtained with principal component F1 and F2 where they explained 72.26% and 
27.74% of total variance, respectively (Fig. 3.13b). The low (673 K) and medium (773 – 
873 K) temperature points fall on the negative side along with data points corresponding to 
pyrolysis with added silica gel/sand while the high temperature (1073 K) points fall on the 
positive side along with data points corresponding to pyrolysis with no added silica 
gel/sand. This indicates that the temperature range of 673 – 873 K favor higher H2 yield 
with additives. The PCA biplot (principal component F1 and F2) explained CH4 production 
with 79.51% and 20.49% of total variance, respectively (Fig. 3.13c). It explains a similar 
phenomenon as the H2 production, where low (673 K) and moderate (773 – 873 K) 
temperature produce high CH4 in the presence of silica gel/sand. The PCA biplot for CO2 
production was obtained with principal component F1 and F2 where they explained 
79.56% and 20.44% of total variance, respectively (Fig. 3.13d). 
 
 
 
Chapter 3      
75 
 
  
  
Figure 3.13: PCA biplots of F1 and F2 for model for (a) Pyrolysis gas (b) H2 (c) CH4 (d) 
CO2 production (H: 30 min, NC: no additives, 1600: 1 hour and 873 K)  
 
3.2.7. Pyrolysis mechanism 
Figure 3.14a illustrates some possible reactions and products at various temperature 
conditions from pyrolysis of KVW with no additives. Two general types of reactions take 
place during pyrolysis of biomass, i.e., dehydration and fragmentation or cracking. 
Dehydration/decarboxylation reaction dominates at low temperatures (673 K) and most of 
the gas produced is CO2 [Mamleev et al., 2009; Soares et al., 1995]. Since the activation 
energy for dehydration/decarboxylation reaction is less than that for fragmentation, the 
dehydration contribute most to degradation at low temperatures. The high oxygen content 
in the vegetable waste resulted in water formation rather than H2. At medium temperatures 
(773 K and 873 K), cracking of glycosidic bond and opening of pyranoid ring occurs and 
the waste is reduced to levoglucosan (Fig. 3.14b) and organic compounds (ketones, 
aldehydes, alkanes) [Soares et al., 1995; Wang et al., 2012]. These compounds are in turn 
converted to CH4, CO2, H2, char [Liao et al., 2004]. The aforementioned supports the 
notable CH4 production that was observed during pyrolysis of KVW at 773 K. A 
temperature of 773 K may also be sufficient to initiate fragmentation reaction. The 
reactions mentioned earlier (opening of pyranoid ring and cleavage of glycosidic bond) 
(a) (b) 
(c) (d) 
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would have also influenced the H2 production. When the retention time at 773 K is 
increased, the organic intermediates (aldehydes, ketones) produced further crack and 
liberate CH4, CO2 and H2 thereby improving the quality (calorific value) of the total gas 
produced. With increase in time the improvement in H2 yield might have been due to 
degradation of intermediate fragments. 
 
At very high temperatures (1073 K) pyrolysis of KVW would involve mostly 
fragmentation reactions that produce tar vapors, further to produce simpler gaseous 
products (H2, CO, CO2, CH4, etc). The aforementioned is consistent with the gas yield and 
composition results that were obtained for pyrolysis of KVW at 1073 K. Also that all the 
oxygen content in the KVW was removed when the temperature of 1073 K was reached 
which made the atmosphere prevailing in the reactor favourable for H2 production thereby, 
improving the composition dramatically. 
 
 
(a) 
 
 
 
 
 
 
 
 
 
(b) 
Figure 3.14: (a) Possible reactions occurring during pyrolysis of kitchen based vegetable 
waste at different temperature conditions; (b) Levoglucosan 
 
3.2.8. Analysis of fuels generated from pyrolysis with regards to the production of 
energy 
3.2.8.1. Pyrolysis operating conditions versus energy production 
The two main factors that control the amount of energy consumed to undertake the 
pyrolysis process are pyrolysis temperature and retention time. From the results presented 
in this chapter it can also be seen that these two parameters have the most significant 
influence on the products generated from pyrolysis, and hence the amount of fuel (in form 
of gas, oil and char) generated from pyrolysis. In the following sections the amount of 
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energy consumed and the amount of energy generated (in form of products) under different 
temperature and retention time conditions is discussed based on one metric ton of KVW 
pyrolysed. 
 
3.2.8.1.1. Pyrolysis process at 673 K 
Pyrolysis of KVW at 673 K was operated for three different retention times (60 min, 120 
min, 180 min) and the net utilizable energy was estimated. The energy required for 
pyrolysis was calculated based on the specific heat of KVW. The quantity of heat required 
was found to increase with retention time (Table 3.4). With regards to the fuel / energy 
generated, the energy content (Table 3.5) in the pyrolysis gas increased dramatically from 
60 min to 120 min (137.14 times) while gradually from 120 min to 180 min (4.28%). If all 
the char is burnt as fuel to the boiler to produce steam at 673 K and 40 bar (Appendix), the 
quantity of steam that can be produced will vary from 1842 kg (60 min, 5152 MJ) to 1522 
kg (180 min, 4254 MJ). Considering the net calorific value of oil [NREL, 2006], the 
energy available in form of oil was calculated (Table 3.5). As observed (fig. 3.15) that the 
energy content in the pyrolysis gas is insufficient for it to be the stand alone source for the 
pyrolysis process, the energy required can be extracted from steam (scheme–1). Based on 
the operating strategy of scheme–1, the steam available after deducting the steam required 
for process was used to calculate the electrical power produced through steam turbine. The 
electrical power calculated varied from 458 kWh to 557 kWh over the range of retention 
times. 
 
3.2.8.1.2. Pyrolysis at 773 K 
Pyrolysis of KVW at 773 K was operated for three different retention times (60 min, 120 
min, 180 min) and the net utilizable energy was estimated. The quantity of heat required 
was found to be higher (60 min, 29.14%; 120 min, 27.02%; 180 min, 26.21%) than that at 
673 K and was directly proportional to retention time (Table 3.4). With regards to the fuel / 
energy generated, the energy content (Table 3.5) in the pyrolysis gas improved rapidly 
from 60 min to 120 min (3.08 times) and normally from 120 min to 180 min (1.28 times). 
If all the char is burnt as fuel to the boiler to produce steam at 773 K and 100 bar 
(Appendix), the quantity of steam that can be produced will vary from 2911 kg (60 min, 
8607 MJ) to 1877 kg (180 min, 5551 MJ). Considering the net calorific value of oil, the 
energy available in form of oil was calculated (Table 3.5). Based on the process to be 
operated according to scheme–1, the electrical power generated from net available steam, 
vary from 601 kWh to 1033 kWh over the range of retention times. When the process is 
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operated according to scheme–2 (pyrolysis gas as heating source), the electrical power 
calculated was 749 kWh (120 min) and 728 kWh (180 min). 
 
3.2.8.1.3. Pyrolysis at 873 K 
Pyrolysis of KVW at 873 K was operated for three different retention times (60 min, 120 
min, 180 min) and the net utilizable energy was estimated. The input energy was found to 
be higher than required at 673 K (60 min, 57.90%; 120 min, 54.05%; 180 min, 52.09%) 
and 773 K (60 min, 22.26%; 120 min, 21.27%; 180 min, 20.49%) (Table 3.4). With 
regards to the fuel / energy generated, the energy content (Table 3.5) in the pyrolysis gas 
improved from 60 min to 120 min  by 2.37 times and from 120 min to 180 min by 1.71 
times. If all the char is burnt as fuel to the boiler to produce steam at 873 K and 40 bar 
(Appendix), the quantity of steam that can be produced will vary from 1595 kg (60 min, 
5170 MJ) to 1569 kg (180 min, 5086 MJ). Considering the net calorific value of oil, the 
energy available in form of oil was calculated (Table 3.5). The calculation of electrical 
power generated from pyrolysis of KVW based on scheme–1, had a minor variation as 
compared to the discussion in the previous section. The properties of steam varied for 
heating source (873 K, 40 bar) and input to steam turbine (773 K, 100 bar). Based on the 
process to be operated according to scheme–1, the electrical power generated varies from 
514 kWh to 557 kWh. When the process is operated according to scheme–2 (pyrolysis gas 
as heating source), the electrical power calculated was 671 kWh at 120 min and 180 min. 
 
3.2.8.1.4. Pyrolysis at 1073 K 
Pyrolysis of KVW at 1073 K was operated for three different retention times (60 min, 120 
min, 180 min) and the net utilizable energy was estimated. The input energy was found to 
be highest when compared with 673 K (60 min, 104.63%; 120 min, 99.18%; 180 min, 
96.18%), 773 K (60 min, 58.45%; 120 min, 56.80%; 180 min, 55.42%) and 873 K (60 min, 
29.59%; 120 min, 29.29%; 180 min, 28.98%) (Table 3.4). With regards to the fuel / energy 
generated, the energy content (Table 3.5) in the pyrolysis gas at 60 min, 120 min and 180 
min was 2379 MJ, 1655 MJ and 1705 MJ, respectively. The operating temperature being 
very high, the process can be operated with pyrolysis gas as heating source for 60 – 120 
min (scheme‒2). The energy requirement for 180 min was found to be greater than that in 
the pyrolysis gas hence, the process operation is uneconomical. The electrical power 
calculated is 610 kWh (60 min) and 465 kWh (120 min). 
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Table 3.4: Input energy required in form heat for the pyrolysis of KVW (MJ/T) 
Retention time (min) 
Temperature (K) 
673 773 873 1073 
60 683.76 883.04 1079.69 1399.24 
120 797.72 1013.32 1228.92 1588.97 
180 894.58 1129.13 1360.59 1754.98 
 
  
 
Figure 3.15: Comparison between energy available and required for pyrolysis of KVW 
 
60 min 120 min 
180 min 
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Table 3.5: Energy in products of KVW pyrolysis (1 metric ton dry basis) with two different schemes 
Scheme 1 
Retention 
time 
(min) 
Temperature 
(K) 
Products Steam 
required 
for 
heating 
(kg) 
Char 
utilized 
for 
heating 
(kg) 
*Net 
char 
available 
(kg) 
Steam 
available for 
electrical 
energy (kg) 
Available energy 
 
Pyrolysis 
gas 
(m
3
) 
Pyrolysis 
oil 
(l) 
Char 
(kg) 
Energy in gas 
(MJ) 
Electrical 
energy 
produced 
(kWh) 
Energy 
in oil 
(MJ) 
60 
673 0.119 2 557 212.810 64.318 492.681 1630.139 1.26 601.3 38.75 
773 15.187 180 538 261.717 48.365 489.634 2649.544 393.47 1033.6 3487.50 
873 40.454 300 325 295.159 59.372 265.627 1429.399 838.47 557.6 5812.50 
120 
673 5.573 150 459 248.278 75.037 383.962 1270.417 172.83 468.6 2906.25 
773 47.600 300 357 300.331 55.501 301.498 1631.490 1214.12 636.4 5812.50 
873 95.918 300 320 335.954 67.577 252.422 1358.335 1994.06 529.9 5812.50 
180 
673 5.780 200 460 278.427 84.163 375.836 1243.577 180.24 458.7 3875.00 
773 62.107 310 347 334.655 61.844 285.155 1543.054 1555.78 601.9 6006.25 
873 83.338 270 320 371.949 74.818 245.181 1319.373 1433.90 514.7 5231.25 
Scheme 2 
Retention 
time 
(min) 
Temperature 
(K) 
Products 
Pyrolysis gas 
required 
for heating 
(m
3
) 
*Net 
pyrolysis 
gas 
available 
(m
3
) 
Steam 
produced from 
bio-char 
for electrical 
energy (kg) 
Available energy 
Pyrolysis 
gas 
(m
3
) 
Pyrolysis 
oil 
(l) 
Char 
(kg) 
Energy 
in gas 
(MJ) 
Electrical 
energy 
produced 
(kWh) 
Energy in oil 
(MJ) 
60 
773 15.187 180 538 34.083 -18.896 2911.261 -1.56 1135.7 3487.50 
873 40.454 300 325 52.102 -11.648 1748.893 -241.42 682.2 5812.50 
1073 124.419 370 299 73.155 51.264 1564.039 980.53 610.1 7168.75 
120 
773 47.600 300 357 34.719 6.881 1921.091 175.51 749.4 5812.50 
873 95.918 300 320 59.113 36.805 1721.987 765.15 671.7 5812.50 
1073 105.370 300 228 101.154 4.216 1192.645 66.23 465.2 5812.50 
180 
773 62.107 310 347 45.075 17.033 1877.709 426.67 728.4 6006.25 
873 83.338 270 320 79.077 4.261 1721.987 73.31 671.7 5231.25 
1073 107.164 200 226 110.303 -3.139 1182.184 -49.94 561.1 3875.00 
* After subtracting the fuel (gas/char) required for heating 
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3.2.8.2. Evaluation of optimum condition 
Based on the discussion in the previous section a short evaluation on the best condition 
(temperature and retention time) to maximize electrical power and pyrolysis gas is 
presented in the following section. This evaluation is to show how effective the process is 
to serve the society by providing electrical power to the residential sector and gas for 
transportation sector. 
 
3.2.8.2.1. Electrical energy 
From the discussion made in the previous section it is evident that the electrical energy can 
be maximized if either all the steam produced is fed to steam turbine or the energy content 
in char is high enough to produce lot of steam. When the process is operated according to 
scheme‒1 the electrical energy produced increases from 673 K to 773 K and then 
decreases at 873 K while the same according to scheme‒2 decreases with temperature. The 
effect of retention time was found to be inversely correlated with both, scheme‒1 and 
scheme‒2. When the process is operated according to scheme‒1 (773 K, 60 min) the 
electrical energy is estimated to be maximum (1033.6 kWh). Though scheme‒1 utilizes 
steam for heating, reason behind the high electrical energy output is highest steam 
production at this condition. Considering the daily consumption of electricity for lower 
middle class, middle class and upper middle class family as 2, 5 and 10 kWh/day, 
respectively the number houses a 1 TPD KVW pyrolysis plant can support was calculated 
for both the schemes (Table 3.6). The number of lower middle class houses supported vary 
from 229 (673 K, 180 min) to 516 (773 K, 60 min) in scheme-1 while from 232 (1073 K, 
120 min) to 374 (773 K, 120) in scheme‒2. 
 
3.2.8.2.2. Pyrolysis gas 
The gas can be maximized when the process is operated according to scheme‒1, where the 
heat required by the process is extracted from steam. This shows that though the process 
produces highest quantity of gas (124.419 m
3
/T) at 1073 K, is unfavorable as the heat input 
is extracted from the gas produced. This shows that best condition to maximize gas yield 
(95.918 m
3
/T) is 873 K and 180 min. The gas can be used as fuel either directly or after 
separation of hydrogen and methane. 
 
On an average the bus used as public transport in Hyderabad, India consumes 80 kg 
methane per day (111 LPD) [The Hindu, 2013]. Based on this the number of buses one 
metric ton (dry basis) of KVW pyrolysis plant can support was calculated for all possible 
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operation conditions (Table 3.7). The highest number of buses (346) would be supported 
by scheme‒1 at 873 K and 120 min. Similarly, the number auto rickshaws that could be 
supported were calculated for both the schemes (Table 3.7) taking into consideration that 
an auto rickshaw consumes 6.5 kg CNG/day (8.36 LPD) (~200 km/day with a mileage of 
30 km/kg). The KVW pyrolysis at 873 K and 120 min would support a maximum of 4597 
auto rickshaws per day. 
 
Hydrogen is accepted as a fuel of future with zero emissions. The end-product is pure 
water with energy in the form of heat or electricity. The various applications of hydrogen 
can be broadly classified into either energy fuel or chemical synthesis. The fuel cell 
electrical vehicle (FCEV) [Kelly et al., 2011], bi-fuel generators [Sainz et al., 2011], bi-
fuel engines [Senthil kumar et al., 2003; Verhelst et al., 2009], residential applications 
[Kazempoor et al., 2009] fall in the category of energy applications while hydrogenation of 
oils [Jianhua et al., 2012], ammonia synthesis by Haber’s process, fertilizer production in 
chemical synthesis. 
 
Table 3.6: Variation in number of houses dependent on pyrolysis of 1 metric ton (dry basis) 
of KVW for electricity 
Scheme 1 
Retention time 
(min) 
Temperature 
(K) 
No. of houses supported from electrical energy produced (H/D) 
Lower middle class 
(1)
 Middle class 
(2)
 Upper class 
(3)
 
60 
673 300 120 60 
773 516 206 103 
873 278 111 55 
120 
673 234 93 46 
773 318 127 63 
873 264 105 52 
180 
673 229 91 45 
773 300 120 60 
873 257 102 51 
Scheme 2 
Retention time 
(min) 
Temperature 
(K) 
No. of houses supported from electrical energy produced (H/D) 
Lower middle class 
(1)
 Middle class 
(2)
 Upper class 
(3)
 
60 
773 567 227 113 
873 341 136 68 
1073 305 122 61 
120 
773 374 149 74 
873 335 134 67 
1073 232 93 46 
180 
773 364 145 72 
873 335 134 67 
1073 280 112 56 
(1) Lower middle class consume 2 kWh/(house.day) 
(2) Middle class consume 5 kWh/(house.day) 
(3) Upper class consume 10 kWh/(house.day) 
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Table 3.7: Variation in number of vehicles receiving methane from pyrolysis of 1 metric ton 
(dry basis) of KVW 
Scheme 1 
Retention time 
(min) 
Temperature 
(K) 
Methane (m
3
) 
No. of vehicles supported 
Buses per day 
(1)
 Autorickshaw per day 
(2)
 
60 
673 0 0 0 
773 9.173 82 1097 
873 16.102 145 1926 
120 
673 4.496 40 537 
773 27.990 252 3348 
873 38.433 346 4597 
180 
673 4.702 42 562 
773 35.395 318 4233 
873 21.533 193 2575 
Scheme 2 
Retention time 
(min) 
Temperature 
(K) 
*Methane (m
3
) 
No. of vehicles supported 
Buses per day 
(1)
 Autorickshaw per day 
(2)
 
60 
773 -1.547 0 0 
873 -1.129 0 0 
1073 9.975 89 1193 
120 
773 1.203 10 143 
873 7.772 70 829 
1073 0.345 3 41 
180 
773 3.631 32 434 
873 0.477 4 57 
1073 -0.267 0 0 
* Methane available after the gas required for heating is subtracted 
(1) On an average APSRTC bus consumes 111 l CNG per day 
(2)On an average Autorickshaw consumes 8.36 l CNG per day 
 
3.2.8.3. Effect of process parameters on energy distribution 
Figure 3.16 through ternary energy diagram depicts the distribution of energy between 
char, pyrolysis oil and pyrolysis gas during pyrolysis as a function of temperature and 
retention time. The data points shown on the ternary diagram are based on scheme–1 when 
temperature is <1073 K and scheme–2 at 1073 K. During pyrolysis with retention time of 
60 min, especially at low temperature (673 K) the energy produced was mostly from char 
(as electrical energy). When the temperature was increased to the range of 773 – 873 K; the 
energy produced was distributed among pyrolysis gas, oil and char which then limited to 
char and oil at higher temperature (1073 K). During the retention time of 120 min pyrolysis 
at low temperature (673 K), the energy was distributed between char and oil which was 
shared by all the three products at medium temperature range (773 – 873 K) and back to 
char and oil at higher temperature (1073 K). During the retention time of 180 min, the 
energy distribution was similar to the discussion for 120 min in the temperature range 673 
– 873 K and terminates at temperatures >873 K. 
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*The direction of the arrow represents increase in temperature 
Figure 3.16: Ternary diagram 
 
3.3. Conclusions 
The research conducted on pyrolysis of KVW depicted some interesting observations. Gas 
yields increased significantly with increasing temperature and increasing retention time. 
The maximum gas yield (260 ml/g) from pyrolysis of KVW was obtained at 1073 K and 
180 min. The addition of silica and sand improved the quality of the pyrolysis gas with 
regards to hydrogen and methane composition. The product data studies and assumptions 
regarding the process equipment required showed that a maximum of 1 MWh electrical 
power can be generated from the pyrolysis of one ton of KVW or a maximum of 95 m
3
 of 
gas (composed of hydrogen and methane) can be produced from the pyrolysis of one ton of 
KVW. 
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4. Pyrolysis of waste plastics 
 
4.1. Introduction 
Plastic based waste comprises approximately 0.3 – 0.8% (by weight) of all the municipal 
solid waste generated in India. Plastic based waste differs significantly from the other main 
classes of waste generated (that are of interest with regards to this project, i.e, vegetable 
waste and activated sludge) in terms of chemical composition. Describing the types of 
plastics is something like looking at a giant family tree. There are two main branches of 
this family, namely, thermoset plastics and thermoplastics. Though these plastic types have 
some similarities in terms of their elemental composition they have very different 
properties and applications. The primary physical difference is that the thermoplastics can 
be melted back to a liquid, while the thermoset plastics cannot be melted due to the cross 
linking bonds being stronger then the bonds within the monomer units. As the research 
conducted in this chapter focused on pyrolysis of only thermoplastics materials only this 
class of plastic is discussed in detail in the proceeding paragraphs. 
 
There are five main classes of thermoplastics; polyethylene terephthalate, polyethylene, 
polyvinyl chloride, polypropylene and polystyrene. The chemical properties, molecular 
structure and some of their uses are presented in table 4.1. 
 
Some of the research that has been conducted on the pyrolysis of plastics was discussed in 
detail earlier in chapter 1 (section 1.7). In summary the main findings from the research 
were as follows: 
 Mixed plastic waste was subjected to pyrolysis for the production of hydrocarbons 
with chain length greater than C5. 
 Dehalogenation of liquid products from pyrolysis of brominated and chlorinated 
plastic polymers. 
 Application of liquid product from plastic pyrolysis as fuel or chemical feedstock. 
 
In this chapter, the effect of pyrolysis temperature and added sand on the pyrolysis of 
plastics was investigated. Two types of plastics were studied, polystyrene and polyethylene 
(the two plastics most commonly found in municipal solid waste). The key parameters that 
were investigated were the yield and composition of gaseous and liquid products. Due to 
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Table 4.1: Chemical properties and uses of plastics 
Type Form 
Recycle 
code 
Structure Monomer 
Melting 
point (
o
C) 
Characteristics Uses 
Polyethylene 
Terepthalate 
PET 
  
Terepthalic acid, 
Ethylene glycol 
>250 
Clear, tough, heat 
resistant 
Soft drink bottles, 
audio video tapes, 
carpets 
Polyethylene 
HDPE 
 
 
Ethene 
120-180 
Hard, waxy surface, 
opaque 
Bags, petrol tanks, 
gas pipes 
LDPE 
 
105-115  
Soft, waxy surface, 
translucent 
Packaging material, 
wire sheathing, bags 
Polyvinyl 
chloride 
Plasticized 
PVC 
  
Monochloro 
ethene 
100-260 
Clear, flexible, 
elastic 
Bags, car lining 
In-
plasticized 
PVC 
Clear, hard, rigid Pipe, credit cards 
Polypropylene PP 
 
 
Propylene 130-171 
Hard, flexible, dry 
feel 
Appliances, toys, 
plumbing 
Polystyrene 
GPPS 
  
Styrene ~240 
Clear, glossy, brittle 
CD cases, smoke 
detector housing 
HIPS Opaque, tough 
Hot and cold 
drinking cups 
EPS Light weight 
Disposable cups, 
bowls 
SAN 
 
 
Styrene, 
acrylonitrile 
220-270 Clear, tough, rigid 
Food container, 
battery cases 
PET – Polyethylene Terepthalate, HDPE – High density polyethylene, LDPE – Low density polyethylene, PVC – Polyvinyl chloride, PP – Polypropylene, GPPS – General purpose polystyrene, HIPS – High impact polystyrene, 
EPS – Expanded polystyrene, SAN – Styrene acrylonitrile resin 
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the lack of waste segregation in the solid waste management in India pyrolysis of plastic 
and KVW mixtures was also investigated. 
 
4.2. Results and discussion 
4.2.1. Characterization of waste plastics 
The plastics used in pyrolysis experiments were subjected to thermogravimetric analysis 
(TGA) under a nitrogen atmosphere to gain information on the stability of these plastics. 
The results obtained are given in figure 4.1. The TGA curves for both the types of plastics 
had three different sections based on the rate of mass loss. On heating from room 
temperature to 350  C there was no mass loss observed. In the temperature range 350 – 
500  C the total mass loss was approximately 92% (LDPE) and 88% (GPPS). The presence 
of one sharp and predominant peak in the DTG curve of both the types of plastics could be 
due to breaking of only one type of bond i.e, the C–C bond in the polymer. The mass loss 
rates for LDPE and GPPS in the aforementioned temperature range were 0.07 mg/ C and 
0.038 mg/ C, respectively. 
 
4.2.2. Pyrolysis of plastics 
Pyrolysis of GPPS and LDPE was carried out separately over the temperature range of 673 
K to 873 K for a fixed retention time of 60 min. The effect of temperature on the product 
yield and composition was investigated. 
 
4.2.2.1. Hydrogen 
H2 production from pyrolysis of GPPS and LDPE at different temperatures (673 K, 773 K 
and 873 K) is shown in figure 4.2. The H2 yield from the pyrolysis of both GPPS and 
LDPE was significantly influenced by pyrolysis temperature. For GPPS it can be seen that 
there was a significant drop in the H2 yield when the temperature was increase from 773 K 
to 873 K. This would have been most likely due to unsaturation in the hydrocarbons 
(discussed in the oil section later). For LDPE there was no significant difference in H2 
yield when the temperature was increased from 773 K to 873 K. With regards to the 
amount of H2 produced from the pyrolysis of the two types of plastics it was observed that 
GPPS produces hydrogen rich pyrolysis gas compared to LDPE. This can be regarded to 
the presence of benzene ring in GPPS polymer, which during fragmentation released more 
of hydrogen. 
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Figure 4.1: TGA report of plastic waste 
 
4.2.2.2. Hydrocarbon gases 
Hydrocarbon gas production from pyrolysis of GPPS and LDPE at different temperatures 
(673 K, 773 K, 873 K) is shown in figure 4.2. The CH4 and C2H6 yield improved with 
temperature for both the types of plastics. The amount of CH4 and C2H6 generated was 
clearly higher for pyrolysis of LDPE at all temperatures studied. With regards to the yield 
of C3H8, yields were found to increase with increasing temperature in case of GPPS 
pyrolysis, whilst for pyrolysis of LDPE a maximum yield of C3H8 was obtained at 773 K 
(the intermediate temperature studied). The overall yields of hydrocarbon gases were 
observed to be low from GPPS than that from LDPE. The lower yields in pyrolysis of 
GPPS could be due to the molecular structure of GPPS, where the long chain of carbons 
GPPS 
LDPE 
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contain alternate benzyl group. A high yield in hydrocarbons from LDPE could be due to a 
high degree of short and long chain branching found in it (table 4.1). 
 
  
Figure 4.2: Variation in the yields of product gases from pyrolysis of waste plastics 
 
4.2.2.3. Pyrolysis liquid (oil) 
The total amount of oils produced from pyrolysis was similar for both the types of plastics 
at low temperature (673 K) (Table 4.2). The amount of oil produced was observed to rise 
sharply at medium temperature (773 K) and then fall on further increase in temperature 
(Table 4.2). The compounds present in oils generated from pyrolysis of the different 
plastics were investigated using GC-MS. The oil produced from pyrolysis of GPPS 
composed of styrene and styrene derivatives, benzene and benzene derivatives, with 
alkanes and alkenes (chromatograms included in the appendix 8.3). The oil produced from 
LDPE composed of alkanes, alkenes, benzene and benzene derivatives (chromatograms 
included in the appendix 8.3). The presence of styrene ring in the oil from pyrolysis of 
GPPS supports the higher state of unsaturation in it compared to LDPE. Also the oil yield 
from GPPS was higher than that from LDPE which supports the lower hydrocarbons in the 
pyrolysis gas from GPPS as compared to that from LDPE.  
 
Table 4.2: Product yields from pyrolysis of waste plastics 
Waste Plastics Products (ml/g) 
Temperature (K) 
673 773 873 
GPPS 
Hydrogen 7.868 99.517 67.891 
Methane 1.109 8.582 21.124 
Ethane 0.000 14.203 29.804 
Propane 0.000 37.696 51.400 
Oil 0.600 1.500 1.200 
LDPE 
Hydrogen 9.013 49.246 46.980 
Methane 2.460 27.914 27.994 
Ethane 0.000 74.234 104.969 
Propane 68.527 88.807 60.055 
Oil 0.600 0.800 0.770 
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4.2.3. Pyrolysis of plastics with added sand 
Pyrolysis of GPPS and LDPE was carried out separately at 673 K and 773 K for a fixed 
retention time of 60 min. The effect of temperature on the product yield and composition 
was investigated in presence of sand. 
 
4.2.3.1. Hydrogen 
H2 production from pyrolysis of GPPS and LDPE with added sand at different 
temperatures (673 K and 773 K) is shown in figure 4.3. The maximum H2 yields from 
LDPE and GPPS was 4.301 ml/g (773 K) and 0.596 ml/g (773 K), respectively. The H2 
yield from GPPS was observed to increase marginally with increasing temperature, whilst 
for LDPE there was a significant increase in H2 yield when temperature was increased 
from 673 to 773 K. The presence sand reduced the H2 yield at 773 K dramatically by 
166.97 times and 11.44 times in case of GPPS and LDPE respectively. The significantly 
lower H2 yields obtained in presence of sand was most likely due to the sand acting as heat 
sink and therefore reducing/inhibiting the heat transfer to the plastic. This reduced heat 
supply in turn led to reduced rate of pyrolysis. 
 
4.2.3.2. Hydrocarbon gases 
Hydrocarbon production from pyrolysis of GPPS and LDPE with added sand at different 
temperatures (673 K and 773 K) is shown in figure 4.3 (Note: only methane, ethane and 
propane were measured). The CH4 yield from GPPS reduced marginally with increasing 
temperature (673 K: 0.369 ml/g, 773 K: 0.269 ml/g) while for pyrolysis of LDPE the yield 
improved from 0.006 ml/g (673 K) to 2.922 ml/g (773 K). There was no ethane produced 
at 673 K from both the plastics while 0.711 ml/g and 12.682 ml/g of ethane were produced 
at 773 K from GPPS and LDPE, respectively. No propane was observed to be produced 
from LDPE at 673 K, however at 773 K a significant amount of propane was generated 
(19.253 ml/g). On the other hand, the propane (673 K: 0.791 ml/g, 773 K: 0.717 ml/g) 
yield from GPPS reduced slightly with increasing temperature (Table 4.3). Based on the 
overall results obtained there was significantly higher production of low molecular weight 
hydrocarbon gases (methane, ethane and propane) in pyrolysis of LDPE as compared to 
GPPS. This could have been due to the fact that LDPE has higher degree of long chains of 
carbon with no aromatics as compared to that with GPPS (table 4.1). 
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Figure 4.3: Variation in the yields of product gases from pyrolysis of waste plastics in 
presence of sand 
 
4.2.3.3. Pyrolysis liquid (oil) 
The oil yields obtained from pyrolysis of both plastics in the presence of sand at two 
different temperatures are given in table 4.3. The oil yield from GPPS was lower at 773 K 
compared to that obtained at 673 K, whilst the oil yield from LDPE increased when 
temperature was increased from 673 K to 773 K (Table 4.3). GC-MS analysis of the oil 
produced from pyrolysis of GPPS in the presence of sand showed that the oil contained 
styrene and styrene derivatives, benzene and benzene derivatives, alkanes and alkenes. The 
oil generated from pyrolysis of LDPE in presence of sand contained benzene and benzene 
derivatives, styrene and styrene derivatives, cycloalkanes, C9 – C44 alkanes and C13 – C14 
alkenes. 
 
Table 4.3: Product yields from pyrolysis of waste plastics in presence of sand 
Waste plastics Products (ml/g) 
Added sand No added sand 
673 K 773 K 673 K 773 K 
GPPS 
Hydrogen 0.498 0.596 7.868 99.517 
Methane 0.369 0.269 1.109 8.582 
Ethane 0.000 0.711 0.000 14.203 
Propane 0.791 0.717 0.000 37.696 
Oil 0.18 0.02 0.600 1.500 
LDPE 
Hydrogen 0.017 4.301 9.013 49.246 
Methane 0.006 2.922 2.460 27.914 
Ethane 0.000 12.682 0.000 74.234 
Propane 0.000 19.253 68.527 88.807 
Oil 0.02 0.05 0.600 0.800 
 
4.2.4. Pyrolysis of plastic mixed with kitchen based vegetable waste 
As mentioned earlier different waste types are not commonly separated in many cities, 
such as those in India, therefore the pyrolysis of mixed waste types is of significant 
interest. Hence the pyrolysis of plastics mixed with kitchen based vegetable waste (KVW) 
was also studied. Three types of mixtures were prepared namely, LDPE mixed with KVW 
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(LK), GPPS mixed with KVW (GK), and GPPS and LDPE mixed with KVW (GLK). All 
mixtures contained 15 wt% plastics with a balance of KVW (Table 4.4). When two plastics 
were mixed, an equal amount of each plastic was used. The experimental results obtained 
for pyrolysis of mixed wastes were compared with the results obtained for pyrolysis of the 
individual waste types. 
 
Table 4.4: Composition of mixed wastes 
Code 
Composition of waste (% wt) 
LDPE GPPS KVW 
LK 15.0 0.0 85.0 
GK 0.0 15.0 85.0 
GLK 7.5 7.5 85.0 
 
4.2.4.1. Hydrogen 
H2 production from pyrolysis of the plastic and vegetable waste mixtures at three different 
temperatures (673 K, 773 K and 873 K) is shown in figure 4.4. The estimated data given in 
figure 4.4 is a combination of the H2 yields that were obtained for pyrolysis of GPPS in 
isolation and KVW in isolation. The calculations that were involved in determining the 
estimates are provided in appendix 8.2. From the data presented in figure 4.4 it can be seen 
that the addition of GPPS or LDPE to the KVW led to a significantly higher H2 yield at all 
temperatures studied, when compared to the yields expected based on the estimated values. 
The same trend was observed for the mixtures containing only one plastic. The increased 
yields obtained for the mixtures studied are discussed in detail in section 4.2.6. 
 
4.2.4.2. Hydrocarbon gases 
Hydrocarbons in the range C1‒C3 produced from pyrolysis of plastic and vegetable waste 
mixtures at different temperatures (673 K, 773 K and 873 K) are shown in figure 4.5. The 
addition of GPPS led to an increased amount of CH4 production while the formation of C2 
and C3 hydrocarbons was suppressed. A slightly different effect was observed with 
addition of LDPE where the formation of C1–C3 hydrocarbons was either reduced or 
completely terminated. This difference in the hydrocarbon yields from the mixtures studied 
is discussed in detail in section 4.2.6. 
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Figure 4.4: Hydrogen produced from pyrolysis of plastic mixed with kitchen based vegetable 
waste 
 
Temperature (K) 
673 773 873 
   
   
   
Figure 4.5: Hydrocarbons produced from pyrolysis of plastic mixed with kitchen based 
vegetable waste 
 
 
 
GK GK GK 
LK LK LK 
GLK GLK GLK 
GK LK 
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Chapter 4 
 
98 
 
4.2.4.3. Carbon-di-oxide 
The CO2 production from pyrolysis of plastic and cellulose waste mixtures at different 
temperatures (673 K, 773 K and 873 K) are shown in figure 4.6. The CO2 yield from all 
the mixture types increased over the temperature range. The CO2 yields from all the 
mixture samples were high (approximately 2‒3 times) at 673 K, which dropped to ~1.5 
times at temperatures >673 K. The increased yields obtained for the mixtures studied are 
discussed in detail in section 4.2.6. 
 
  
 
Figure 4.6: Carbon-di-oxide produced from pyrolysis of plastic mixed with kitchen based 
vegetable waste 
 
4.2.4.4. Pyrolysis liquid (oil) 
The yield of pyrolysis liquid from plastic and KVW mixture at three different temperatures 
are shown in figure 4.7. The addition of GPPS and / or LDPE to the KVW decreased the 
total oil yield with an exception of increased oil yield by addition of LDPE at temperatures 
>673 K. The decreased yields obtained for the mixtures studied are discussed in detail in 
section 4.2.6. 
 
GK LK 
GLK 
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Figure 4.7: Pyrolysis liquid produced from pyrolysis of plastic mixed with kitchen based 
vegetable waste 
 
4.2.5. Pyrolysis of plastic mixed with kitchen based vegetable waste with added sand 
4.2.5.1. Hydrogen 
H2 production from pyrolysis of plastic and kitchen based vegetable waste (KVW) 
mixture in presence of sand at different temperatures (673 K and 773 K) is shown in figure 
4.8. The addition of GPPS or LDPE to the KVW increased the H2 yield at 673 K while a 
decrease was observed at 773 K. 
 
 
 
Figure 4.8: Hydrogen produced from pyrolysis of plastic mixed with kitchen based 
vegetable waste in presence of sand 
 
4.2.5.2. Hydrocarbon gases 
The hydrocarbon yield from pyrolysis of plastic and KVW mixture in presence of sand at 
673 K and 773 K are shown in figure 4.9. KVW being the major constituent in the mixture, 
methane was estimated to be high but, the experimental results showed that C2 and C3 
yields were increased. 
 
4.2.5.3. Carbon-di-oxide 
673 K 
773 K 
GK LK 
GLK 
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The CO2 yield from all the mixed samples in presence of sand was less than the estimated 
values at the experiment temperature. The CO2 yields in the experiment were 
approximately 6 – 22 % less than the estimated for all types of mixed samples (Table 4.6). 
 
Temperature (K) 
673 773 
  
  
  
Figure 4.9: Hydrocarbons produced from pyrolysis of plastic mixed with kitchen based 
vegetable waste in presence of sand 
 
4.2.5.4. Pyrolysis liquid (oil) 
The yield of pyrolysis liquid from mixed samples in presence of sand at three different 
temperatures is shown in figure 4.10. 
 
GK GK 
LK LK 
GLK GLK 
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Figure 4.10: Pyrolysis liquid produced from pyrolysis of plastic mixed with kitchen based 
vegetable waste in presence of sand
673 K 773 K 
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Table 4.5: Product yields from pyrolysis of plastic mixed with kitchen based vegetable waste 
 Temperature (K) 
 673 773 873 
Yield (ml/g) 
Estimated Experimental Estimated Experimental Estimated Experimental 
GK LK GLK GK LK GLK GK LK GLK GK LK GLK GK LK GLK GK LK GLK 
H2 1.28 1.45 1.37 5.92 5.47 2.07 20.04 12.50 16.27 40.09 21.23 8.44 30.88 27.75 29.32 67.32 69.34 48.79 
CH4 0.17 0.37 0.27 0.67 2.01 0.94 9.08 11.98 10.53 7.45 10.14 1.77 16.86 17.89 17.38 19.24 26.26 25.40 
C2H6 0.00 0.00 0.00 0.00 0.00 0.00 2.13 21.95 12.04 3.03 0.00 0.00 4.47 15.75 10.11 0.00 6.06 3.31 
C3H8 0.00 10.28 5.14 0.00 0.00 0.00 5.65 14.05 9.85 0.00 2.67 1.75 7.71 9.01 8.36 4.87 2.76 1.03 
CO2 35.26 35.26 35.26 97.41 120.11 112.99 82.29 82.29 82.29 109.43 127.48 112.04 106.71 106.71 106.71 108.54 155.57 140.63 
 
Table 4.6: Product yields from pyrolysis of plastic mixed with kitchen based vegetable waste in presence of sand 
 Temperature (K) 
 673 773 
Yield (ml/g) 
Estimated Experimental Estimated Experimental 
GK LK GLK GK LK GLK GK LK GLK GK LK GLK 
H2 1.34 1.27 0.52 2.80 1.77 0.56 15.09 15.65 15.37 10.63 5.46 8.49 
CH4 1.20 1.15 1.71 0.61 2.00 0.69 17.79 18.19 17.99 6.49 6.24 10.13 
C2H6 0.00 0.00 0.00 2.53 0.00 0.00 0.11 1.90 1.00 0.00 0.00 0.00 
C3H8 0.12 0.00 0.06 3.67 3.22 0.00 0.11 2.89 1.50 14.23 12.99 19.89 
CO2 99.59 99.59 99.59 79.52 77.51 92.88 86.25 86.25 86.25 74.42 86.25 71.81 
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4.2.6. Discussion of results obtained for pyrolysis of plastic and kitchen based 
cellulose waste (KVW) mixtures (pyrolysis reaction mechanism(s) and reaction 
pathways) 
As mentioned earlier there were significant differences in the distribution of products 
obtained from pyrolysis of plastics and KVW mixtures when compared to the estimated 
product distributions (based on pyrolysis of the plastics and KVW in isolation). Before 
discussing these results it is first important to discuss the types of reaction that occur 
during pyrolysis of these wastes. 
 
The thermal degradation of polymers / plastics occurs prodominently via a radical chain 
mechanism [Wall et al, 1954] where the reaction classes involved are initiation, 
propagation and termination reactions. Examples of these radical reactions are given 
below. 
 
Initiation reaction 
~CH2‒CH2‒CH2‒CH2~ → ~CH2‒CH2• + •CH2‒CH2~ 
   Polyethylene         Free radicals 
 
 
Propagation reaction 
~CH2‒CH2• + ~CH2‒CH2‒CH2‒CH2~ → CH3‒(CH2)n‒CH3 + ~CH2‒CH•‒CH2‒CH2~ 
 
Inter molecular abstractions 
 
~CH2‒CH2• → ~CH2‒CH•‒CH2‒CH3→~CH2‒CH2• + CH2=CH‒CH2‒CH3 
 
Intra molecular abstraction 
 
Chapter 4 
 
104 
 
 
Termination reaction 
~CH2‒CH2• + •CH2‒CH2~ → CH3‒(CH2)n‒CH3 
 
 
 
The thermal degradation of KVW is generally initiated via the release of a hydroxyl group 
from the sixth carbon of the monomer unit followed by cleavage of 1,4-glycosidic linkage 
in the cellulose polymer leading to the formation of levoglucosan as shown in the reactions 
given below. 
 
 
 
The secondary decomposition of levoglucosan proceeds through the opening of ring at the 
1,6-acetyl glucosidic bond and rehydration to form glucopyranose followed by secondary 
reactions on the glucopyranose monomer. 
 
 
 
There are three pathways proposed to describe the possible fission in glucopyranose: (1) 
breaking of glucosidic bond and the bond between C2 and C3 to form hydroxyacetaldehyde 
and tetrose; (2) breaking of the glucosidic bond to form formaldehyde and pentose; (3) 
breaking of the glucosidic bond to form hexose. These pathways proceed slowly until 
+ OH• 
n 
KVW Levoglucosan 
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~300  C. Degradation of glucopyranose at low temperatures (<300  C) results in 
dehydration, charring and low levoglucosan and anhydrosugar. 
 
 
 
 
 
 
 
The anhydrosugars (tetrose, pentose, hexose) formed further decompose to form 
aldehydes, ketones, carboxylic acids and the furan ring products. 
 
 
 
OH OH 
H 
│ 
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At elevated temperature and longer retention times the aldehydes, ketones and furan rings 
fragment to form gaseous products (CO2, CH4 and H2) [Shen and Gu, 2009]. 
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The differences in product distributions obtained for pyrolysis of plastic / KVW mixtures 
versus the estimated product distributions that were shown in section 4.2.4 can be 
summarized as follows: 
 Increased hydrogen yield for mixture (versus that expected from estimations) (this 
was most likely to a higher extent of degradation of KVW). 
 Increased methane yield (decreased ethane and propane yields) (this is mostl likely 
due to a higher extent of degration of KVW and a change in the amounts of C1–C3 
hydrocarbons generated from degradation of plastics). 
 CO2 production for the mixtures was significantly higher (this was most likely to a 
higher extent of degradation of KVW). 
 The pyrolysis liquid (oil) production for mixtures was low (this was most likely due 
to increased conversion of oil generated from KVW into lighter volatile 
compounds). 
 
The aforementioned differences in the product distributions observed were most likely due 
to increased degradation of KVW when the plastics were present. This increased 
degradation was most likely due to: 
 The char from the KVW scavenges free radical intermediates produced from 
degradation of the plastics, which in turn leads to lighter hydrocarbons. 
 Radicals produced from degradation of the plastic polymer attack the KVW (and / 
or intermediate products from KVW) and produce smaller fragments. 
 
The free radicals are either associated with char produced from KVW as the end product of 
pyrolysis process or could be formed from degradation of sugar (shown in the reactions 
below). The aforementioned scenario hence would lead to an overall increase in the extent 
of degradation of the plastic present in the mixture and hence reduce the yield of C2 and C3 
hydrocarbons in gaseous products and the liquid products. 
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There could be another possibility that the free radicals formed during the chain initiation 
reaction of thermal degradation of plastic would affect the thermal degradation of KVW by 
increasing the fragmentation of aldehydes, ketones and furan rings to gaseous products and 
reduce the termination step. This would have most likely led to increased methane yield 
from the mixtures versus the estimated yields. 
 
4.3. Conclusions 
The research conducted on pyrolysis of plastic waste depicted that the products/product 
composition varied significantly based on the nature of feedstock viz., polystyrene (GPPS) 
and polyethylene. Pyrolysis of GPPS led to significantly higher hydrogen and oil yields as 
compared to those obtained from pyrolysis of polyethylene. Hydrocarbon yields from 
pyrolysis of polyethylene were significantly higher than those obtained from pyrolysis of 
GPPS. Addition of sand reduced the gas and oil yields from pyrolysis of GPPS and 
polyethylene. Experiments with pyrolysis of mixtures of vegetable waste and plastic waste 
showed some interesting observations.  The addition of plastic waste to KVW (15% by wt.) 
reduced ethane and propane yields significantly compared to those expected based on the 
results obtained from pyrolysis of both wastes in isolation. Increased methane and carbon-
di-oxide yields was observed compared to those expected based on the results obtained 
from pyrolysis of both wastes in isolation. Oil yields reduced compared to those expected 
based on the results obtained from pyrolysis of both wastes in isolation. 
 
4.4. References 
1. Wall, L. A., Madorsky, S. L., Brown, D. W., Straus, S., Robert Simha, 1954. The 
depolymerisation of polymethylene and polyethylene, Journal of the American 
Chemical Society 76(13): 3430-3437. 
2. Shen, D. K., Gu, S., 2009. The mechanism for thermal decomposition of cellulose 
and its main products, Bioresource Technology 100: 6496-6504. 
  
 
5. Pyrolysis of activated sludge (ASP-S) 
 
5.1. Introduction 
Effluent treatment results in the generation of large quantities of sludge which requires 
proper treatment and disposal that is environmentally acceptable. The nature of the sludge 
produced mostly depends on the wastewater treatment process and the source of 
wastewater. Compounds generally found in sludge include poly-nuclear aromatic 
hydrocarbons (PAH), polychlorinated biphenols (PCB), alkyl phenols, monocyclic 
aromatics, chlorobenzenes, aromatic and alkyl amines, etc. There are two main options for 
reducing the environmental impacts of large amounts of sludge. The first is to minimize 
sludge production by operational control of the effluent treatment plant and the second is to 
post-treat the sludge or reuse it. Techniques such as extended aeration (Mohammadi et al., 
2012), membrane or submerged membrane bioreactor treatment (Meabe et al., 2013; Tian 
et al., 2009), improved aeration (Mahmood and Elliott, 2006), two-stage ASP (Koumbolis 
et al., 2008), oxic-settling-anoxic treatment (Ye and Li, 2010) and anoxic/oxic treatment 
(Shi et al., 2013) fall in the category of operational control. Post treatment technologies 
that are available include supercritical water oxidation (SCWO) (Xu et al., 2012), wet air 
oxidation (Chung et al., 2009; Baroutian et al., 2013), anaerobic digestion (Pastor et al., 
2013), microwave irradiation (Tyagi and Lo., 2013), incineration (Murakami et al., 2009), 
combustion (Magdziarz and Wilk, 2013) and gasification (Molto et al., 2013). 
 
Activated sludge can be used as a source for producing hydrogen and methane via 
thermochemical methods. Recent efforts on thermochemical conversion of activated sludge 
into fuel products were discussed in detail earlier in chapter 1. In summary the research on 
thermochemical conversion of activated sludge has involved studies on the following: 
 Production of char via pyrolysis. 
 The effects of metal salts on the properties of liquid products of sludge pyrolysis. 
 The pyrolysis behavior of sludge in a fluidized bed reactor. 
 The kinetics and mechanism of sludge pyrolysis. 
 
In this chapter pyrolysis of activated sludge obtained from a waste treatment plant in 
Hyderabad, India was investigated under varying conditions.  The conversion of the sludge 
components into hydrogen and methane was evaluated over a range of temperatures and
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residence times. Experiments were also conducted to investigate the influence of silica and 
sand on hydrogen and methane production. Also a comprehensive energy analysis was 
carried out to understand the potential towards utilization of sludge as a source of 
renewable energy. The practical feasibility of pyrolysis process towards technical and 
environmental viability was also focused. 
 
5.2. Results and discussion 
5.2.1. Characterization of activated sludge (ASP-S) 
The dried and shredded ASP-S used in pyrolysis experiments was subjected to 
thermogravimetric analysis (TGA) under a nitrogen atmosphere to gain information on the 
amount of volatile matter present. The results obtained are given in figure 5.1. 
 
 
 
Figure 5.1: TGA report of (a) Dry sludge (ASP-S) (b) Char at 873 K 
 
The TGA curve had three different sections based on the rate of mass loss. On heating 
from room temperature to ~250  C the mass loss was ~13 % (weight basis) with the mass 
loss rate being around 0.003 mg/ C. In the temperature range 250 to 500  C the total mass 
loss was 47.8 % (weight basis). For the aforementioned temperature range the rate of mass 
(b) 
(a) 
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loss increased to ~0.009 mg/ C. The dTGA curve showed a broad peak at ~350  C indicating 
volatile matter content in the ASP-S. A constant rate of mass loss (0.002 mg/ C) was 
observed as the temperature was increased further to 900  C which was most likely due to 
non-oxidative degradation reactions. Compositional analysis of dry ASP-S gave the 
following composition: 28.65% carbon, 4.80% hydrogen, 5.63% nitrogen and 1.86% 
sulfur. 
 
5.2.2. Pyrolysis in absence of silica gel/sand 
5.2.2.1. Pyrolysis gas 
Initial tests were conducted on the pyrolysis of ASP-S at four different temperatures (673 
K, 773 K, 873 K and 1073 K) and three pyrolysis times (60 min, 120 min, 180 min). The 
results (in terms of total non-condensable gas, which was measured using the water 
displacement technique) from pyrolysis of ASP-S are presented in Figure 5.2 (Specific 
hydrogen and methane yields are discussed in the proceeding section). From the results 
presented in figure 5.2 it can be seen that pyrolysis temperature had a significant influence 
on the gas yields obtained. The gas yield at 673 K, 773 K, 873 K and 1073 K was 38 ml/g, 
50 ml/g, 66 ml/g and 112 ml/g in 120 min, respectively. The gas yield was also found to 
increase only marginally with increasing pyrolysis time at low and medium temperatures, 
while a considerable increase was observed at high temperature (1073 K). The gas yield at 
1073 K in 60 min, 120 min and 180 min was 102 ml/g, 112 ml/g and 120 ml/g 
respectively. The minimum gas yield was 36 ml/g at 673 K in 60 min and the maximum 
yield was 120 ml/g at 1073 K in 180 min. The increased gas yields obtained with increases 
in both pyrolysis temperature and pyrolysis time are consistent with the trends that have 
been reported for pyrolysis of sewage sludge in a fluidized bed reactor (Shen and Zhang, 
2003). The compositional analysis of the char produced at different temperatures showed 
an increase in % carbon by weight [673 K, 32.48%; 773 K, 33.58%; 873 K, 35.59%; 1073 
K, 37.73%] with increasing temperature. 
 
5.2.2.2. Hydrogen 
H2 production from pyrolysis of ASP-S at four different temperatures (673 K, 773 K, 873 
K and 1073 K) and three pyrolysis times (60 min, 120 min, 180 min) are shown in Figure 
5.2. The H2 yield was found to improve proportionally with pyrolysis time at all 
temperatures investigated. For the pyrolysis reaction conducted at 1073K the following H2 
yields were obtained:  180 min - 29.686 ml/g; 120 min - 29.120 ml/g and 60 min - 25.14 
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ml/g. Similarly, the H2 yield was also found to increase with pyrolysis temperature [673 K, 
0.885 ml/g; 773 K, 9.589 ml/g; 873 K, 16.509 ml/g; 1073 K, 29.120 ml/g at 120 min]. The 
molar percentage of H2 in the total gas produced also was found to increase with increasing 
temperature [673 K, 2.330%; 773 K, 19.178%; 873 K, 25.013%; 1073 K, 26.0% in 120 
min]. The molar percentage however only increased marginally with time [60 min, 
2.057%; 120 min, 2.330%; 180 min, 3.004% at 673 K]. Maximum H2 yield was obtained at 
1073 K in 180 min (29.686 ml/g). It is evident from the results obtained that maximum H2 
production can be achieved at high temperature for longer pyrolysis times (Table 5.1). 
 
5.2.2.3. Methane 
Similar to the H2 production, the pyrolysis temperature and time showed marked influence 
on CH4 production from pyrolysis of ASP-S without silica gel/sand (Fig. 5.2). The CH4 
yield was directly proportional to the temperature when operated at all pyrolysis times and 
vice versa. The yield improved with both time [60 min, 18.817 ml/g; 120 min, 21.763 ml/g; 
and 180 min, 28.955 ml/g at 1073 K] and temperature [673 K, 0.880 ml/g; 773 K, 6.988 
ml/g; 873 K, 11.809 ml/g; and 1073 K, 21.763 ml/g in 120 min] which were similar to the 
results in a fluidized bed pyrolysis of sewage sludge [Shen and Zhang, 2003]. The CH4 
mole percentage in the total gas improved marginally with pyrolysis time [60 min, 2.09%; 
120 min, 2.32%; 180 min, 2.90% at 673 K] while a marked increase was observed as an 
effect of temperature [673 K, 2.90%; 773 K, 14.22%; 873 K, 20.97%; 1073 K, 24.13%]. 
The minimum and maximum CH4 yield were 0.754 ml/g (673 K, 60 min) and 28.955 ml/g 
(1073 K, 180 min), respectively (Table 5.1). 
 
5.2.2.4. Carbon-di-oxide 
Figure 5.2 exhibits the CO2 production from the pyrolysis of ASP-S at four different 
temperatures (673 K, 773 K, 873 K and 1073 K) and three pyrolysis times (60 min, 120 
min, 180 min). The volume of CO2 gas was calculated by difference (using the amounts of 
methane and hydrogen measured). Initially, the CO2 comprised of more than 95 mol% of 
the total gas produced (673 K, 60 min) which decreased with increases in both, pyrolysis 
time and temperature [51.133% at 1073 K in 180 min] which was similar to the results of 
physico-chemical and biological sludge pyrolysis [Molto et al., 2013]. Also the quantity of 
CO2 in gas remained constant with pyrolysis time at all temperatures except at 1073 K. The 
evolution of CO2 gas in the process could be due to decomposition of carboxylic acid 
groups [Karayildirim et al., 2006; Punnaruttanakun et al., 2003]. 
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Figure 5.2: Variation in the yields of product gases from pyrolysis of ASP-S in absence of 
silica gel/sand 
 
5.2.2.5. Pyrolysis liquid (oil) 
Figure 5.3 exhibits the oil yield from pyrolysis of ASP-S at four different temperatures 
(673 K, 773 K, 873 K and 1073 K) and three pyrolysis times (60 min, 120 min, 180 min). 
At short retention time (60 min and 120 min) the oil yield increased over the temperature 
range of 673 K – 873 K. At temperatures <1073 K the oil yield increased with increase in 
retention time. 
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Figure 5.3: Variation in the oil yield from pyrolysis of ASP-S in absence of silica gel/sand 
 
Table 5.1: Gas and oil yields (ml/g) from pyrolysis of ASP-S in absence of silica gel/sand 
Time (min) Component 
Temperature (K) 
673 773 873 1073 
60 
Hydrogen 0.741 7.889 16.012 25.140 
Methane 0.754 4.564 10.453 18.817 
CO2 34.506 37.548 35.535 58.043 
Pyrolysis gas 36.000 50.000 62.000 102.000 
Pyrolysis oil 0.320 0.400 0.400 0.450 
120 
Hydrogen 0.885 9.589 16.509 29.120 
Methane 0.880 6.988 11.809 21.763 
CO2 36.235 33.424 37.683 61.117 
Pyrolysis gas 38.000 50.000 66.000 112.000 
Pyrolysis oil 0.350 0.400 0.450 0.550 
180 
Hydrogen 1.202 9.972 16.980 29.686 
Methane 1.160 7.395 14.258 28.955 
CO2 37.638 34.634 36.761 61.360 
Pyrolysis gas 40.000 52.000 68.000 120.000 
Pyrolysis oil 0.400 0.450 0.600 0.470 
 
5.2.2.6. Char 
Figure 5.4 exhibits the char yield from pyrolysis of ASP-S at four different temperatures 
(673 K, 773 K, 873 K and 1073 K) and three pyrolysis times (60 min, 120 min, 180 min). 
The char yield was almost unaffected by temperature at low retention time but decrease 
marginally later. The char yield reduced with increase in retention time at all temperatures. 
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Figure 5.4: Variation in the char yield from pyrolysis of ASP-S in absence of silica gel/sand 
 
5.2.3. Pyrolysis in presence of silica gel  
5.2.3.1. Pyrolysis gas 
The gas yields from pyrolysis of ASP-S in presence of silica gel followed a similar trend as 
in that without added silica gel (with respect to the influence of temperature and time) (Fig. 
5.5). The gas yield was found to increase marginally with time [30 min, 52 ml/g; 60 min, 
58 ml/g; 120 min, 60 ml/g at 773 K]. There was an rise in the gas production with pyrolysis 
temperature from low to medium temperature with only a marginal increase in yield 
occurred when the temperature was increased further [673 K, 34 ml/g; 773 K, 58 ml/g; 873 
K, 60 ml/g in 60 min]. The minimum gas yield (34 ml/g) was at 673 K when exposed for 
30 min and maximum gas yield (64 ml/g) was observed at 873 K when exposed for 120 
min. 
 
5.2.3.2. Hydrogen 
The presence of silica gel clearly reduced the amount of H2 produced from pyrolysis of 
ASP-S (Fig. 5.5, Table 5.2), compared to that obtained when no silica gel was added (there 
was however one exception to this – in the test conducted at 673 K the hydrogen yield in 
the presence of silica was slightly higher than that obtained when no silica was present). 
The H2 yield was found to be directly related to pyrolysis temperature [673 K, 0.626 ml/g; 
773 K, 6.221 ml/g; 873 K, 13.108 ml/g in 60 min]. Similarly, the pyrolysis time had direct 
influence on the H2 yield [30 min, 5.578 ml/g; 60 min, 6.221 ml/g; 120 min, 7.089 ml/g]. 
The significantly reduced yield of hydrogen obtained in the presence of silica at 773 K and 
873 K (compared to those obtained when no silica was present) was most likely due to one 
or more of the following. Firstly, silica can act as a heat sink hence reducing / inhibiting 
the transfer of heat to the ASP-S. The reduced supply of heat to ASP-S in turn would cause 
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a reduced rate of pyrolysis of ASP-S, which may have contributed to the lower hydrogen 
yields. The added silica could also have altered the degradation reaction pathways of the 
compounds present in the ASP-S (i.e., acted as a catalyst), which in turn would influence 
the amount of hydrogen produced. The slightly higher hydrogen yield observed for the test 
conducted in the presence of silica at 673 K was most likely due to any catalytic influence 
being more pronounced at this lower reaction temperature (and hence altering the reaction 
pathway). The methane yield in the aforementioned test was also lower than that obtained 
in the system (see section 5.2.2.3) with no added silica hence supporting a more 
pronounced catalytic effect at this temperature. As the combined yield for hydrogen and 
methane were significantly lower for the test conducted in the presence of silica at 673 K 
(and it is likely that these compounds are generated via similar pathways) the silica also led 
to a reduced rate of pyrolysis as discussed earlier. 
 
5.2.3.3. Methane 
The influence of added silica on CH4 production was almost similar to that observed for H2 
production pyrolysis of ASP-S in presence of silica gel (Fig. 5.5) – significantly reduced 
yields over the temperature range studied compared to those obtained in pyrolysis with no 
additives (the reduced yields were most likely due to inhibited heat transfer of ASP-S as 
discussed earlier). At low pyrolysis temperature the yield was mostly independent of 
pyrolysis time; however, at high temperature (873 K) there was a marginal increase with 
time [30 min: 9.324 ml/g; 60 min: 9.674 ml/g; 120 min: 11.103 ml/g]. The minimum and 
maximum yields were obtained at 673 K, 30 min (0.363 ml/g) and 873 K, 120 min (11.103 
ml/g), respectively. Though there was an increase in the CH4 mole percentage with 
temperature [673 K, 1.724%; 773 K, 11.715%; 873 K, 16.124% in 60 min], the addition of 
silica gel did not improve the same. 
 
5.2.3.4. Carbon-di-oxide 
Fig. 5.5 exhibits the CO2 production from pyrolysis of ASP-S in presence of silica gel at 
three different temperatures (673 K, 773 K and 873 K) and three pyrolysis times (30 min, 
60 min and 120 min). Initially the CO2 gas comprised of more than 98 mol% of total gas 
produced at 673 K, 30 min). At later reaction time there was a slight decrease in the mol% 
of CO2 in the gaseous products generated [30 min, 98.105%; 60 min, 96.433%; 120 min, 
95.539% at 673 K]. The CO2 mole percentage decreased significantly with the temperature 
[673 K, 96.433%; 773 K, 77.558%; 873 K, 62.029% in 60 min]. However, the production 
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rates of H2 and CH4 remained unaltered. This might have been due to a decrease in the rate 
of decarboxylation reaction. 
 
  
  
Figure 5.5: Variation in the yields of product gases from pyrolysis of ASP-S in presence of 
silica gel 
 
5.2.3.5. Pyrolysis liquid (oil) 
Figure 5.6 exhibits the oil yield from pyrolysis of ASP-S in presence of silica gel at three 
different temperatures (673 K, 773 K and 873 K) and three pyrolysis times (30 min, 60 
min, 120 min). At short retention time (30 min) the oil yield was almost constant over the 
temperature range of 673 – 873 K. At temperatures <873 K the oil yield increased with 
increase in retention time while at 873 K the yield reduced when time was increased from 
60 min to 120 min. 
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5.2.3.6. Char 
Figure 5.7 exhibits the char yield from pyrolysis of ASP-S in presence of silica gel at four 
different temperatures (673 K, 773 K, 873 K and 1073 K) and three pyrolysis times (60 
min, 120 min, 180 min). The yield was observed to gradually reduce with both, retention 
time and temperature. 
 
 
Figure 5.6: Variation in the oil yield from pyrolysis of ASP-S in presence of silica gel 
 
Table 5.2: Gas and oil yields (ml/g) from pyrolysis of ASP-S in presence of silica gel 
Time (min) Component 
Temperature (K) 
673 773 873 
30 
Hydrogen 0.280 5.351 12.330 
Methane 0.364 3.805 9.324 
CO2 33.356 42.843 38.345 
Pyrolysis gas 34.000 52.000 60.000 
Pyrolysis oil 0.400 0.420 0.400 
60 
Hydrogen 0.626 6.221 13.108 
Methane 0.586 6.794 9.674 
CO2 32.787 44.983 37.217 
Pyrolysis gas 34.000 58.000 60.000 
Pyrolysis oil 0.400 0.450 0.550 
120 
Hydrogen 1.160 7.089 14.386 
Methane 0.445 6.979 11.103 
CO2 34.394 45.931 38.511 
Pyrolysis gas 36.000 60.000 64.000 
Pyrolysis oil 0.470 0.500 0.470 
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Figure 5.7: Variation in the char yield from pyrolysis of ASP-S in presence of silica gel 
5.2.4. Pyrolysis in presence of sand 
5.2.4.1. Pyrolysis gas 
The total gas yield from pyrolysis of ASP-S in presence of sand was found to increase with 
temperature [673 K: 32 ml/g, 773 K: 46 ml/g, and 873 K: 72 ml/g in 60 min] (Fig. 5.8). 
The gas yield was nearly constant with pyrolysis time at low temperature [30 min: 30 ml/g, 
60 min: 32 ml/g, 120 min: 34 ml/g at 673 K], however at higher reaction temperature it 
increased significantly with increasing time [30 min: 52 ml/g, 60 min: 72 ml/g, 120 min: 
147 ml/g at 873 K]. This trend is most likely due to the waste containing a number of 
compounds that are non-reactive at lower temperature (673 K). 
 
5.2.4.2. Hydrogen 
A continuous increase in the H2 yield was observed with increasing temperature [673 K: 
0.436 ml/g, 773 K: 7.260 ml/g, and 873 K: 18.307 ml/g, in 60 min], which is illustrated by 
Fig. 5.8. The H2 yield was also observed to increase with rising times (Table 5.3). There 
was a marginal improvement in yield with time at low temperature (673 K), however at 
higher temperature (>673 K) there was a significant increase in H2 yield with increasing 
time. The trends in H2 yield from pyrolysis of ASP-S with and without added sand (with 
respect to influence of temperature and time) were observed to be similar. The overall 
yields were however significantly lower (~50%) in presence of sand, which was most 
likely due to reduced heat transfer to ASP-S as discussed earlier for the system containing 
silica. The molar percentage of H2 in the pyrolysis gas was found to be improving with 
both, pyrolysis time [30 min, 1.173%; 60 min, 1.363%; 120 min, 1.617% at 673 K] and 
temperature [673 K, 1.363%; 773 K, 15.782%; 873 K, 25.427% in 60 min] with an 
exception at 120 min. The maximum H2 yield (18.307 ml/g) was observed at 873 K and 60 
min. 
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5.2.4.3. Methane 
The CH4 yield was found to follow a similar pattern as the H2 yield with respect to both 
time and temperature. A continuous increment in the CH4 yield was observed with 
increasing temperature [673 K: 0.578 ml/g, 773 K: 4.589 ml/g, and 873 K: 11.622 ml/g, in 
60 min] (Fig. 5.8). There was a marginal improvement in yield with time at low 
temperature [30 min: 0.480 ml/g, 60 min: 0.578 ml/g, and 120 min: 0.595 ml/g at 673 K] 
and a considerable rise was observed at higher temperature [30 min: 2.866 ml/g, 60 min: 
4.589 ml/g, and 120 min: 6.186 ml/g at 773 K]. The addition of sand led to a significant 
reduction in CH4 yields over the entire range of temperature and time investigated. The 
maximum CH4 yield (11.622 ml/g) was observed at 873 K and 60 min. 
 
5.2.4.4. Carbon-di-oxide 
At low temperature (673 K) and short pyrolysis time (30 min), CO2 comprised more than 
97% of total gas produced. This however decreased with pyrolysis time and temperature, 
except for the test conducted at 873 K where the CO2 comprised ~82% of the pyrolysis gas 
at 120 min (Fig. 5.8). The volume CO2 produced was independent of time at all 
temperatures (there was no change in CO2 with increasing time). The only exception to the 
aforementioned occurred in the test conducted at 873 K where at 120 min the volume of 
CO2 was three times higher than that obtained at 30 and 60 min minutes, which was due to 
increased decomposition of a significant proportion of the oxygen containing compounds 
in the ASP-S and / or oxygen containing compounds that had formed from pyrolysis of the 
ASP-S. The significant increase in the rate of the decomposition of the aforementioned 
compounds occurring at ~60 minutes is most likely due to the concentration of free radical 
intermediates present reaching a critical concentration. 
 
5.2.4.5. Pyrolysis liquid (oil) 
Figure 5.9 exhibits the oil yield from pyrolysis of ASP-S in presence of sand at three 
different temperatures (673 K, 773 K and 873 K) and three pyrolysis times (30 min, 60 
min, 120 min). At a constant retention time the oil yield was observed to increase over the 
temperature range of 673 K – 873 K. 
 
5.2.4.6. Char 
Figure 5.10 exhibits the char yield from pyrolysis of ASP-S in presence of silica gel at four 
different temperatures (673 K, 773 K, 873 K and 1073 K) and three pyrolysis times (60 
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min, 120 min, 180 min). The yield was observed to gradually reduce with both, retention 
time and temperature. 
 
  
  
Figure 5.8: Variation in the yields of product gases from pyrolysis of ASP-S in presence of 
sand 
 
 
Figure 5.9: Variation in the oil yield from pyrolysis of ASP-S in presence of sand 
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Figure 5.10: Variation in the char yield from pyrolysis of ASP-S in presence of sand 
 
Table 5.3: Gas and oil yields (ml/g) from pyrolysis of ASP-S in presence of sand 
Time (min) Component 
Temperature (K) 
673 773 873 
30 
Hydrogen 0.352 4.009 7.189 
Methane 0.480 2.866 5.161 
CO2 29.168 37.125 39.650 
Pyrolysis gas 30.000 44.000 52.000 
Pyrolysis oil 0.350 0.450 0.450 
60 
 
Hydrogen 0.436 7.260 18.307 
Methane 0.578 4.589 11.622 
CO2 30.986 34.151 42.070 
Pyrolysis gas 32.000 46.000 72.000 
Pyrolysis oil 0.450 0.450 0.500 
120 
Hydrogen 0.550 8.237 15.457 
Methane 0.595 6.186 10.588 
CO2 32.856 35.578 120.955 
Pyrolysis gas 34.000 50.000 147.000 
Pyrolysis oil 0.370 0.500 0.500 
 
5.2.5. Principal component analysis 
Principal component analysis was conducted on the data obtained from pyrolysis testing to 
investigate if any correlations between the reaction conditions studied and the products 
obtained. The red points in figure 5.11 represent the variables (experimental conditions) 
and the blue points represent the samples (pyrolysis with and without additives) in biplots 
with principal component F1 and F2. XLSOFT software generated biplots over total gas 
production with principal component F1 and F2 explaining 74.37% and 25.63% of total 
variance, respectively (Fig. 5.11a). The high temperature (1073 K) and long pyrolysis time 
(120 and 180 min) fall on the negative side along with data points corresponding to 
pyrolysis with no additives while the medium temperature (673 – 873 K) and short 
pyrolysis time (60 min) fall on positive side with data points corresponding to pyrolysis 
with additives. This shows that the presence of silica gel/sand reduced the temperature and 
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pyrolysis time to attain maximum gas production thereby, reducing the input energy. 
Similarly PCA biplot for H2 production was obtained with principal component F1 and F2 
where they explained 78.00% and 22.00% of the total variance, respectively (Fig. 5.11b). 
A similar pattern was observed with H2 production with a high temperature (1073 K) and 
long pyrolysis time (180 min) falling on positive side with data points corresponding to 
pyrolysis with no additives while the medium temperature (673 – 873 K) and short 
pyrolysis times (60 min) falling on negative side with data points corresponding to 
pyrolysis with additives. The PCA biplot (principal component F1 and F2) explained 
78.15% and 21.85% of total variance, respectively (Fig. 5.11c) for CH4 production. It 
explains a similar phenomenon as the H2 production, where moderate temperature (673 – 
873 K) and short time (60 min) have high CH4 yield in the presence of silica gel/sand. The 
PCA biplot for CO2 production was obtained with principal component F1 and F2 where 
they explained 78.56% and 21.44% of total variance, respectively (Fig. 5.11d). 
 
  
  
H: 30 min pyrolysis time; Sil: added silica; nc: no added silica gel/sand 
Figure 5.11: PCA biplots of F1 and F2 for model for (a) Pyrolysis gas (b) H2 (c) CH4 (d) CO2 
production 
 
(c) (d) 
(a) (b) 
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5.2.6. Analysis of fuels generated from pyrolysis with regards to the production of 
energy 
5.2.6.1. Pyrolysis operating conditions versus net energy production 
The two main factors that control the amount of energy consumed to undertake the 
pyrolysis process are pyrolysis temperature and retention time. From the results presented 
in this chapter it can also be seen that these two parameters have the most significant 
influence on the products generated from pyrolysis, and hence the amount of fuel (in the 
form of gas, oil and char) generated from pyrolysis. In the following sections the amount of 
energy consumed and the amount of energy generated (in the form of gas, oil and char) 
under different temperature and retention time conditions is discussed based on pyrolysis 
of one metric ton of ASP-S. 
 
5.2.6.1.1. Pyrolysis at 673 K 
The net utilizable energy from pyrolysis of activated sludge at 673 K at three different 
retention times (60 min, 120 min, 180 min) was estimated (Appendix 8.1). The energy 
required for pyrolysis was calculated based on the specific heat of the sludge (the quantity 
of heat required was found to increase with retention time (2.28 MJ T
-1
 min
-1
) (Fig. 5.12) 
(Table 5.4)). With regards to fuel / energy generated, the energy content (Table 5.5) in the 
pyrolysis gas improved by 1.17 times from 60 min to 120 min and by 1.32 times from 120 
min to 180 min. With regards to the char produced (based on it being used as fuel for a 
boiler to produce steam at 673 K and 40 bar (Appendix 8.1)), the quantity of steam that can 
be produced will vary from 1573 kg (4397 MJ, based on char obtained after 60 min of 
pyrolysis) to 1426 kg (3986 MJ, based on char obtained after 180 min of pyrolysis). With 
regards to the oil generated, based on the net calorific value of this oil being 34.2 MJ/m
3
 
[Kim and Parker, 2008], the energy available in form of oil was calculated (Table 5.5) to 
be in the range 10956 MJ (60 min) to 13695 MJ (180 min). 
 
As seen in figure 5.12 the energy content in the pyrolysis gas is insufficient for it to be the 
stand alone source of energy to run the pyrolysis process. There is however sufficient 
energy contained in the char produced hence the energy required can be extracted from the 
char (which can be used to produce steam (scheme–1)). Based on the operating strategy of 
scheme–1, the steam available after deducting the steam required for the process was used 
to calculate the electrical power that could be produced through steam turbine. The 
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electrical power calculated varied from 478 kWh to 392 kWh over the range of retention 
times considered (60, 120, 180 minutes). 
 
5.2.6.1.2. Pyrolysis at 773 K 
The net utilizable energy from pyrolysis of activated sludge at 773 K at three different 
retention times (60 min, 120 min, 180 min) was estimated (Appendix 8.1). The quantity of 
heat required was found to be higher (60 min, 29.14%; 120 min, 27.02%; 180 min, 
26.21%) than that at 673 K and was found to improve constantly with retention time (2.66 
MJ T
-1
 min
-1
) (Fig. 5.12) (Table 5.4). With regards to fuel / energy generated, the energy 
content (Table 5.5) in the total gas improved by 42.38% from 60 min to 120 min and by 
5.29% from 120 min to 180 min. The energy content in gas was higher than that produced 
at 673 K (60 min, 7.09 times; 120 min, 8.6 times; 180 min, 6.82 times). With regards to the 
char produced (based on it being used a fuel for the boiler to produce steam at 773 K and 
100 bar (Appendix 8.1)), the quantity of steam that can be produced will vary from 1458 
kg (4382 MJ, based on char obtained after 60 min of pyrolysis) to 1259 kg (3724 MJ, 
based on char obtained after 180 min of pyrolysis). With regards to the oil generated, based 
on the net calorific value of this oil, the energy available in form of oil was calculated 
(Table 5.5) to be in the range 13695 MJ (60 min) to 15407 MJ (180 min). 
 
As seen in the figure 5.12 the energy content in the pyrolysis gas is insufficient for it to be 
the stand alone source of energy to run the pyrolysis process. There is however sufficient 
energy contained in the char produced hence the energy required can be extracted from 
char (which can be used to produce steam (scheme–1)). Based on the operating strategy of 
scheme–1, the steam available after deducting the steam required for the process was used 
to calculate the electrical power produced through a steam turbine. The electrical power 
calculated varied from 436 kWh to 321 kWh over the range of retention times considered 
(60, 120 180 minutes). 
 
5.2.6.1.3. Pyrolysis at 873 K 
The net utilizable energy from pyrolysis of activated sludge at 873 K at three different 
retention times (60 min, 120 min, 180 min) was estimated (Appendix 8.1). With regards to 
fuel / energy generated, the energy output in the form of gas (methane and hydrogen) was 
observed to be directly correlated to time (120 min, 9.87%; 180 min, 26.88%). The average 
output energy in the form of gas at 873 K was observed to be 14.32 times and 1.92 times 
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higher than at 673 K and 773 K, respectively. With regards to the char produced (based on 
it being used as a fuel for the boiler to produce steam at 873 K and 40 bar (Appendix 8.1)), 
the quantity of steam that can be produced will vary from 1272 kg (4124 MJ, based on char 
obtained after 60 min of pyrolysis) to 1047 kg (3393 MJ, based on char obtained after 180 
min of pyrolysis). The oil yield was observed to improve with time and the energy 
calculated varied from 13695 MJ (60 min) to 20543 MJ (180 min). 
 
As seen in the figure 5.12 the energy content in the pyrolysis gas is insufficient for it to be 
the stand alone source of energy to run the pyrolysis process. There is however sufficient 
energy contained in the char produced hence the energy required can be extracted from 
char (which can be used to produce steam (scheme–1)). The calculation of electrical power 
generated from pyrolysis of activated sludge based on scheme–1, had a minor variation as 
compared to the discussion in the previous section. The steam properties for it be serve as 
heating source are 873 K and 40 bar while that for steam to produce electrical power are 
773 K and 100 bar. Based on the process to be operated according to scheme–1, the 
electrical power generated varies from 380 kWh (60 min) to 241 kWh (180 min). 
 
5.2.6.1.4. Pyrolysis at 1073 K 
The net utilizable energy from pyrolysis of activated sludge at 1073 K at three different 
retention times (60 min, 120 min, 180 min) was estimated (Appendix 8.1). The gas yield 
was highest at 1073 K and also improved with retention time (60 min, 43.95 m
3
/T; 120 
min, 50.88 m
3
/T; 180 min, 58.64 m
3
/T) yet always remained insufficient to serve as a sole 
source of energy for the pyrolysis process (Figure 5.12). (Note: at 1073 K the gas 
generated is the only pyrolysis product that could be used to achieve this operating 
temperature as the maximum temperature that can be obtained with char (steam) is 873 K). 
The insufficiency of the pyrolysis gas made the process less feasible in the technical point 
of view. 
 
Table 5.4: Input energy required in form of heat for the pyrolysis of ASP-S (MJ/T) 
Retention time (min) 
Temperature (K) 
673 773 873 1073 
60 888.00 1146.80 1402.20 1817.2 
120 1036.00 1316.00 1596.00 2063.60 
180 1161.80 1466.40 1767.00 2279.20 
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(a) 
 
(b) 
 
(c) 
Figure 5.12: Comparison between energy available and required for pyrolysis of ASP-S [(a) 
60 min; (b) 120 min; (c) 180 min] 
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Table 5.5: Products of activated sludge pyrolysis (1 metric ton dry basis) with char as input energy source (Scheme‒1)  
Retention 
time 
(min) 
Temperature 
(K) 
Products Steam 
required 
for 
heating 
(kg) 
Char 
utilized 
for 
heating 
(kg) 
*Net 
Char 
available 
(kg) 
Steam 
produced  
for 
electrical 
power (kg) 
Available energy 
Pyrolysis 
gas 
(m
3
) 
Pyrolysis 
oil 
(l) 
Char 
(kg) 
Energy 
in gas 
(MJ) 
Electrical 
energy 
produced 
(kWh) 
Energy in 
oil (MJ) 
60 
673 1.495 320 353 276.377 62.016 290.984 1296.781 34.971 478.3 10956.73 
773 12.453 400 352 339.893 82.020 269.980 1118.803 248.145 436.4 13695.92 
873 26.465 400 350 383.324 105.420 244.580 974.743 546.368 380.2 13695.92 
120 
673 1.765 350 352 322.440 72.352 279.648 1246.262 41.037 459.7 11983.93 
773 16.577 400 331 390.041 94.121 236.879 981.630 353.313 382.9 13695.92 
873 28.318 450 330 436.303 119.990 210.010 836.967 600.338 326.5 15407.91 
180 
673 2.362 400 320 361.593 81.138 238.862 1064.499 54.477 392.6 13695.92 
773 17.367 450 304 434.617 104.880 199.122 825.165 372.024 321.9 15407.91 
873 31.238 600 288 483.050 132.850 155.152 618.343 693.274 241.2 20543.88 
* After subtracting the char required for heating 
 
Table 5.6: Products of activated sludge pyrolysis (1 metric ton dry basis) with gas as input energy source (Scheme‒2)  
Temperature (K) Retention time (min) 
Products Pyrolysis gas required 
for heating 
(m
3
) 
Pyrolysis gas 
(m
3
) 
Pyrolysis oil 
(l) 
Char 
(kg) 
773 
60 12.453 400 352 57.546 
120 16.577 400 331 61.742 
180 17.367 450 304 68.453 
873 
60 26.465 400 350 67.918 
120 28.318 450 330 75.281 
180 31.238 600 288 79.620 
1073 
60 43.956 450 346 84.604 
120 50.882 550 270 96.117 
180 58.640 470 269 98.525 
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5.2.6.2. Evaluation of optimum condition 
Based on the discussion in the previous section a short evaluation on the best condition 
(temperature and retention time) to maximize electrical power and pyrolysis gas is presented 
in the following section. This evaluation is to show how this process may potentially provide 
electrical power to the residential sector and gas for the transportation sector. 
 
5.2.6.2.1. Electrical energy 
A general hypothesis is that the electrical energy can be maximized if all the steam produced 
is fed to steam turbine and the energy required for heating is harnessed from gas. However, 
this hypothesis fails for extraction of fuel and power from pyrolysis of activated sludge 
making scheme‒1 as the only favorable condition. The electrical energy produced was 
observed to be inversely proportional to increase in both time (60 min, 478.3 kWh; 120 min, 
459.7 kWh; 180 min, 392.6 kWh at 673 K) and temperature (673 K, 478.3 kWh; 773 K, 436.4 
kWh; 873 K, 380.2 kWh). The maximum electrical energy (478.3 kWh) is produced at 673 K 
in 60 min. The number of houses receiving power from 1 TPD activated sludge pyrolysis plant 
were calculated (Table 5.7), assuming the per capita consumption of electricity of lower 
middle class, middle class and upper class family to be 2, 5 and 10 kWh/day. The number of 
lower middle class houses that could be supported vary from 120 (873 K, 180 min) to 239 
(673 K, 60 min) while the middle class vary from 48 (873 K, 180 min) to 95 (673 K, 60 min). 
 
Table 5.7: Variation in number of houses dependent on pyrolysis (Scheme‒1) of 1 metric ton 
(dry basis) of activated sludge for electricity 
Retention time 
(min) 
Temperature 
(K) 
No. of houses supported (H/D) 
Lower middle class 
(1)
 Middle class 
(2)
 Upper class 
(3)
 
60 
673 239 95 47 
773 218 87 43 
873 190 76 38 
120 
673 229 91 45 
773 191 76 38 
873 163 65 32 
180 
673 196 78 39 
773 160 64 32 
873 120 48 24 
(1) Lower middle class consume 2 kWh/(house.day) 
(2) Middle class consume 5 kWh/(house.day) 
(3) Upper class consume 10 kWh/(house.day) 
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5.2.6.2.2. Pyrolysis gas 
It is an effortless assumption that the net gas yield can be maximized if the heat energy is 
supplied to the process through steam. Thus the process is most favorable at 873 K when 
operated for 180 min (31.238 m
3
). The gas yield was observed to be directly proportional to 
both time (60 min, 12.453 m
3
; 120 min, 16.577 m
3
; 180 min, 17.367 m
3
 at 773 K) and 
temperature (673 K, 1.765 m
3
; 773 K, 16.577 m
3
; 873 K, 28.318 m
3
). The gas has a direct 
application as fuel for internal combustion engine or hydrogen and methane can be separated 
and utilized as raw material for chemical synthesis. 
 
On an average each bus used by Andhra Pradesh state road transport corporation (APSRTC) 
consumes 80 kg methane per day (111 LPD) [The Hindu, 2013]. Based on this, the number of 
buses receiving fuel from a 1 TPD pyrolysis plant of activated sludge was calculated for all 
possible operation conditions (Table 5.8). The number of buses that would be supported vary 
from 6 (673 K, 60 min) to 128 (873 K, 180 min). Similarly considering that on an average an 
auto-rickshaw requires 6.5 kg methane per day (8.36 LPD) (~200 km/day with a mileage of 30 
km/kg). The number of such vehicles can vary from 90 (673 K, 60 min) to 1705 (873 K, 180 
min) every day. 
 
Table 5.8: Variation in number of vehicles receiving methane per day from pyrolysis (Scheme‒
1) of 1 metric ton (dry basis) of activated sludge 
Retention time 
(min) 
Temperature 
(K) 
Methane (m
3
) 
No. of vehicles supported 
Buses 
(1)
 Autorickshaw 
(2)
 
60 
673 0.754 6 90 
773 4.564 41 545 
873 10.453 94 1250 
120 
673 0.880 7 105 
773 6.988 62 835 
873 11.809 106 1412 
180 
673 1.202 10 143 
773 7.395 66 884 
873 14.258 128 1705 
(1) On an average APSRTC bus consumes 111 l methane per day 
(2)On an average Autorickshaw consumes 8.36 l methane per day 
 
Hydrogen is accepted as a fuel of future with zero emissions. The by-product is pure water 
with energy in form of heat or electricity. The various applications of hydrogen can be broadly 
classified into either energy fuel or chemical synthesis. The fuel cell electric vehicle (FCEV) 
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[Kelly et al., 2011], bi-fuel generators [Sainz et al., 2011], bi-fuel engines [Senthil Kumar et 
al., 2003; Verhelst et al., 2009], residential applications [Kazempoor et al., 2009] fall in the 
category of energy applications while hydrogenation of oils [Jianhua et al., 2012], ammonia 
synthesis by Haber’s process, fertilizer production in chemical synthesis. 
 
5.2.6.2.3. Pyrolysis liquid (oil) 
The oil yield was directly proportional to both time (60 min, 320 l; 120 min, 350 l; 180 min, 
400 l at 673 K) and temperature (673 K, 350 l; 120 min, 400 l; 180 min, 450 l in 120 min). The 
chemical composition of oil could be similar to that of sewage sludge. The chemical families 
which could be found are aliphatic hydrocarbons, aromatic hydrocarbons, polyaromatic 
hydrocarbons, oxygen and nitrogen-containing aliphatic and aromatic hydrocarbons, 
halogenated and sulfonated hydrocarbons [Fonts et al., 2009; Park et al., 2010]. The oil can 
have an application as fuel for internal combustion engine when blended with biodiesel 
[Hossain et al., 2013] or can be treated to serve as fuel without blending. The fuel properties of 
oil could be improved and stand at par with the petroleum based fuels by employing upgrading 
techniques. The various techniques possible are hydro-treatment [Majhi et al., 2013] [Xu et al., 
2010], hydrodeoxygenation [Joshi and Lawal, 2012], esterification [Cui et al., 2010], 
emulsification [Ikura et al., 2003] and steam reforming [Trane et al., 2012]. 
 
5.3. Conclusions 
Pyrolysis experiments with activated sludge documented significant increment in hydrogen 
and methane yields with increasing temperature and retention time [29.686 ml/g (1073 K, 180 
min); 28.955 ml/g (1073 K, 180 min)]. The addition of sand and silica reduce both hydrogen 
and methane yields. A maximum of 478 kWh electrical power can be generated from the 
pyrolysis of one ton of activated sludge. Alternatively, a maximum of 31 m
3
 of gas (composed 
of hydrogen and methane) can be produced from the pyrolysis of one ton of activated sludge. 
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6. Conversion of char generated from pyrolysis of 
kitchen based vegetable waste into activated 
carbon 
 
6.1. Introduction 
As mentioned earlier in chapter 1 municipal solid waste (MSW) is one of the main types of 
wastes generated. In India approximately 46 million tons of MSW is generated annually. 
The general composition of MSW and options for treatment / disposal of MSW have 
already been discussed in details in previous chapters. The main focus of the research 
conducted in this chapter was to investigate options for reusing the char that is generated 
from pyrolysis of MSW (specifically kitchen based vegetable waste). Chars produced from 
pyrolysis of varying types of wastes have been shown to have a wide range of potential 
applications: as a soil conditioner [Anderson et al., 2011] [Cross and Sohi, 2011] [Jeffery 
et al., 2011], as an adsorbent [Zhang and Gao, 2013], as an electric double layer capacitor 
[Wang et al., 2010] and as boiler fuel for steam [Sarkar et al., 2014]. As expected the 
aforementioned potential applications of char are highly dependent on the type of waste 
from which the char is generated. The main focus of this chapter was on the use of char 
generated from KVW as an adsorbent for the removal of dye compounds from aqueous 
solution. 
Azo dyes are used in the textile industry due to their bright color and ease of application 
[Agudelo et al., 2008] [Burkinshaw et al., 2011]. Azo dyes are well known for their 
carcinogenic and mutagenic effect on both, aquatic life [Puvaneswari et al., 2006] and 
humans [Ferraz et al., 2011]. Dye compounds can affect certain symbiotic processes by 
disturbing natural equilibriums in water bodies. The persisting nature of color, non-
biodegradable, toxic and inhibitory nature of the dye forces the need of its removal from 
the wastewater before being discharged into water bodies. There are two main processes 
that are generally used for removal of dye compounds from aqueous solution: oxidation 
based processes and adsorption based processes. Adsorption based processes have shown 
promise in terms of practicality and economics [Venkata Mohan et al., 2002]. Textile dye 
color removal by adsorption onto activated carbon has proven to be highly efficient and 
reliable [Gupta et al, 2011; Ahmad and Hameed, 2010; Senthilkumaar et al, 2006]. Hence 
  
 
there is significant interest in the production of activated carbons, particularly from cheaper 
raw materials [Venkata Mohan et al., 1999]. Various materials derived from industrial 
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waste materials, agricultural wastes, minerals, coal, soil, have been widely investigated in 
this direction [McKay et al., 1981] [Kartikeyan, 1987] [Namasivayam and Yamuna, 1992] 
[Mall and Upadhyay, 1995] [Venkata Mohan et al., 1999] [Venkata Mohan et al., 2002] 
[Venkata Mohan et al., 2008]. The aforementioned are generally converted into active 
carbon through carbonization, acid treatment. 
 
In the present chapter the results obtained on conversion of the char generated from 
pyrolysis of KVW into activated carbon are presented and discussed. The removal of azo 
dye compounds from aqueous solutions using the prepared activated carbon was also 
investigated. The influence of pH on the aforementioned was also investigated. 
 
6.2. Experiment 
The materials and methods used to conduct the research presented in this chapter are given 
in chapter 2. 
 
6.3. Results and discussion 
6.3.1. Characterization of activated carbon 
The TGA/dTG report of KVW and their respective char depicted that the chars produced at 
low temperature (673 K) contained volatile matter whilst the chars produced at higher 
temperatures (>673 K) contained no (or very low) volatile matter (Fig. 3.1.1 in chapter 3). 
The low temperature (673 K) char was not selected for studies on the conversion of char 
into activated carbon as it could have the potential to be used as a source of fuel (refer to 
section 3.2.2 in chapter 3). Hence only the char produced at medium (873 K) and high 
temperature (1073 K) was selected for conversion studies (and subsequent dye adsorption 
capacity studies). 
 
It was observed that the char obtained at high temperature (1073 K) produced elemental 
potassium after treatment and so was not suitable for adsorption study. Hence, the char 
produced at medium temperature (873 K) was further studied. The Gibbs free energy 
change of the activation reaction is positive at room temperature and negative at 570  C. 
The KOH activation involves three steps: etching of the carbon frame by redox reactions 
between potassium compounds leading to pore generation, development of porosity 
through the gasification of carbon by in situ CO2 and H2O formed during chemical 
activation, expansion of carbon lattices due to intercalation of metallic potassium into the 
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lattice of carbon matrix during activation. After the acid treatment (10% HCl) the activated 
carbon (KVW-AC) yield from char was observed to be 93.55% by wt. The SEM images of 
char and activated carbon were recorded (Fig. 6.1) and micropore surface area of the 
samples were 150.67 and 1237.73 m
2
/g, respectively. 
 
 
(a) 
 
(b) 
Figure 6.1: SEM images of (a) Char (b) Activated carbon 
 
6.3.2. Investigations on the removal of azo dye (acid black 10B) 
Removal of Acid black-10B (azo dye) using activated carbon (prepared from char 
generated from kitchen vegetable waste) was investigated over a period of 60 minutes at 
four pH values (4, 5, 6 and 7). The adsorption profiles obtained for these tests are shown in 
fig. 6.2. The adsorption rate was relatively high up to 20 min (pH 4: 0.093 mg/g/min; pH 5: 
0.1 mg/g/min; pH 6: 0.125 mg/g/min; pH 7: 0.1 mg/g/min) and subsequently reduced with 
time (rates from 20 – 60 minutes were as follows: pH 4: 0.0781 mg/g/min; pH 5: 0.075 
mg/g/min; pH 6: 0.0625 mg/g/min; pH 7: 0.075 mg/g/min). For the tests conducted in the 
acidic pH range 100% adsorption capacity was achieved in 60 min, whereas at neutral pH 
this was achieved in 50 min. The higher adsorption rate initially could be attributed to the 
participation of active sites/functional group present on the surface while the adsorption 
rate later decreased due to more and more occupancy of these active sites. 
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Figure 6.2: Acid black 10 B dye sorption with KVW-AC as sorbent 
 
6.3.2.1. Sorption kinetics 
Linear forms of different kinetic models based on the aqueous phase concentration of 
sorbate are used to evaluate the sorption mechanism at all the pH values. The sorption 
kinetic data obtained at different pH ranges (4, 5, 6, 7) from the batch studies (sorbent 
mass, 200 mg; agitation, 120 rpm; temperature, 30±2 °C) was employed to study the linear 
forms of kinetic models viz., the intra-particle diffusion model [Kiran Kumar et al, 2009; 
Venkata Mohan and Karthikeyan, 1997; Yalcin et al, 2004; Dural et al, 2011], the pseudo-
first-order kinetic model and the pseudo-second-order kinetic model [Venkata Mohan and 
Karthikeyan, 1997; Yalcin et al, 2004; Dural et al, 2011; Kiran Kumar et al, 2011]. 
 
6.3.2.1.1. Kinetic models 
Sorption rate can be estimated based on the pseudo-first-order (Lagergren's equation) and 
pseudo-second order kinetic equations by assuming dye-KVW-AC sorption process as 
pseudo-chemical reaction [Venkata Mohan et al, 2008; Kiran Kumar et al, 2011; Yang and 
Duri, 2005] represented by equation 6.2 and 6.3, respectively. 
)(1 te
t qqK
dt
dq

      
(6.2)   
2
2 )( te
t qqK
dt
dq
         (6.3) 
Where, qe (mg/g) and qt (mg/g) are adsorption capacities at equilibrium and time t, 
respectively. K1 (min
-1
) and K2 (g/mg/min) are the first and second order rate constants, 
pH = 4.0 pH = 5.0 
pH = 6.0 pH = 7.0 
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respectively. An exponential plot (Fig. 6.3) of qt against contact time (t) would calculate K1 
and qe (Eq. (6.2)). If pseudo-second-order chemisorptions kinetic rate equation (Eq. (6.3) is 
fit over the sorption data (Fig. 6.4) the rate constant K2 and equilibrium adsorption capacity 
qe can be estimated. Pseudo first order and pseudo second order plots for CSW-AC showed 
a reasonably good fit using the experimental data obtained, with the 1
st
 order fits being 
slightly better. Both the kinetic plots for KVW-AC showed reasonably good fit with 
sorption equilibrium data showing an increase in discrepancy with pH for both, pseudo 
first-order and pseudo second-order. The first and second order rate constants (Table 6.1) 
for the sorption of azo dye from the aqueous phase by KVW-AC were obtained by the 
slope of the respective curves. 
 
  
  
Figure 6.3: Pseudo first order kinetic model 
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Figure 6.4: Pseudo second order kinetic model 
 
6.3.2.1.2. Weber’s intra-particle diffusion model 
Intra-particle diffusion model is a single-resistance model derived from Fick’s second law 
which can be expressed mathematically by equation 6.4 [Venkata Mohan et al, 2002; 
2007]. 
5.0tKq pt    
      (6.4) 
Where, Kp (mg/g.min
0.5
) is the intra-particle diffusion rate constant. To fit the intra-particle 
diffusion model over the data the amounts of azo dye adsorbed per unit mass (qt) was 
plotted against the square root of contact time (t
0.5
) (Fig. 6.5). The intra-particle diffusion 
plot was observed to fit successfully for all the solution pH and an increase in the intra-
particle diffusion rate constant (Table 6.1) was observed with pH. Straight-line plot without 
passing through the origin was noticed in azo dye sorption system. This indicates some 
degree of boundary layer control which further shows that the intra-particle diffusion is not 
the only rate-controlling step, but also other processes may control the rate of adsorption 
[Venkata Mohan and Karthikeyan, 1997; Yalcin et al, 2004; Kiran Kumar et al, 2011; 
Yang and Duri, 2005]. The intra-particle diffusion plot of azo dye sorption system 
indicates the complex nature involving both boundary layer and intra-particle diffusions 
with respect to initial azo dye concentration. Intra-particle diffusion model assumes that the 
diffusion (internal surface and pore diffusion) of sorbate molecules inside the adsorbent is 
rate limiting and the film diffusion is considered negligible [Yang and Duri, 2005; Bulut et 
al, 2008]. 
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Figure 6.5: Weber’s Intra-particle diffusion model 
 
6.3.2.1.3. Elovich equation 
When the reactions involve chemisorption of adsorbate on to the sorbent surface without 
desorption the adsorption rate decreases with time due to an increase in surface coverage. 
Elovich equation (Eq. 6.5) is one of those models used to describe such activated 
chemisorptions [Wu et al, 2009]. 
tbqt ae
dt
dq         (6.5)  
Where, a (mg/g.min) is the initial adsorption rate. The Elovich equation parameters a, b for 
all the solution pH were calculated from qt vs ln t plots (Fig. 6.6) and presented in table 
6.1. The constants a, b are related to rate of chemisorption and the surface coverage, 
respectively [Teng and Hsieh, 1999]. Therefore, increase in the concentration of dye 
solution and mass of sorbent will increase the rate of adsorption. Also an increase in dye 
concentration or decrease in the mass of KVW-AC will reduce the available adsorption 
surface. The constant a (related to the rate of chemisorption) was observed to be highest at 
neutral pH supporting maximum sorption reached in 50 min, which was 60 min with other 
pH conditions. 
pH = 4.0 pH = 5.0 
pH = 6.0 pH = 7.0 
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Figure 6.6: Elovich equation 
 
Table 6.1: Comparison of adsorption kinetic constants 
 pH = 4.0 pH = 5.0 pH = 6.0 pH = 7.0 
Pseudo-first order     
qe (mg/g) 9.744 7.608 9.735 9.030 
K1 (min
-1
) 1.07E-2 1.57E-2 1.19E-2 1.44E-2 
R
2
 0.965 0.952 0.968 0.977 
Pseudo-second order     
qe (mg/g)  8.771 4.566 9.708 5.291 
K2 (g/mg.min) 1.7E-3 1.04E-2 1.2E-3 7.4E-3 
R
2
 0.988 0.768 0.763 0.768 
Weber’s Intra-particle diffusion 
model 
    
Kp (mg/g.min
0.5
) 0.612 0.613 0.685 0.709 
R
2
 0.936 0.938 0.927 0.940 
Elovich equation     
a (mg/g.min) 0.352 0.386 0.356 0.402 
b (g/mg) 0.641 0.651 0.549 0.551 
R
2
 0.884 0.867 0.911 0.890 
 
6.3.2.1.4. Comparison of adsorption kinetics 
The parameters calculated by application of kinetic models over the experimental data 
were used to predict the effect of time on dye-KVW-AC adsorption system. Considering 
all the above results, the kinetics of dye adsorption over KVW-AC can be described best 
by pseudo-first order. 
 
 
 
pH = 4.0 
pH = 6.0 
pH = 5.0 
pH = 7.0 
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6.3.2.2. Adsorption isotherms 
Equilibrium isotherm models express relationship between the quantity of sorbate absorbed 
and the concentration in solution at equilibrium and are especially important in optimizing 
the use of sorbent. The parameters derived from these equations and the underlying 
thermodynamic assumptions of these equilibrium isotherm models provide insight into the 
sorption mechanism and the surface properties and affinity of the sorbent. The equilibrium 
sorption models were employed to estimate sorption capacities of azo dye with KVW-AC 
as sorbent. Sorption (isothermal) experiments were performed under varying the pH of die 
solution at azo dye concentration of 10 mg/l by keeping other conditions constant (dye 
solution volume, 100 ml; sorbent mass, 200 mg; agitation, 120 rpm; temperature, 30±2 
0
C).  
 
6.3.2.2.1. Langmuir model 
The Langmuir isotherm is one of the most commonly used models describing the non-
linear equilibrium adsorbent surface (q) and sorbate concentration in solution (C) at a 
constant temperature. The Langmuir model [Langmuir, 1918; Piccin et al, 2012] can be 
represented by equation 6.6. The essential characteristic of the Langmuir isotherm can be 
expressed in terms of a dimensionless constant, separation factor RL, which describes the 
type of isotherm (eq. 6.7). The values of RL indicate the type of isotherm to be unfavorable 
(RL>1), linear (RL = 1) and favorable (0 <RL< 1) or irreversible (RL = 0). 
Cb
Cbq
q
L
LmL


1
        (6.6) 
   
 
      
        (6.7) 
Where, qmL (µg/g) and bL are the Langmuir parameters that represent the maximum 
sorption capacity and the site energy factor, respectively. A non-linear regression of 
sorption data for the azo dye-KVW-AC system was applied (Fig. 6.7) and the Langmuir 
parameters (sorption capacity (qmL) and site energy factor (bL)) were calculated from slope 
and intercept of the plot respectively (Table 6.2). The Langmuir model for KVW-AC 
sorption system showed a poor fit. The values of RL show that the KVW-AC sorbent 
system was favorable over the pH range. 
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Figure 6.7: Langmuir adsorption equilibrium model 
 
6.3.2.2.2. Freundlich model 
Freundlich isothermal model is one of the most commonly used models describing the non-
linear equilibrium adsorbent surface (q) and sorbate concentration in solution (C) at a 
constant temperature. The Freundlich model can be explained from equation 6.8 [Piccin et 
al, 2012; Freundlich, 1906]. 
     
           (6.8) 
Where, C (mg/l) is the aqueous phase concentration, qt (mg/g) is the solid phase 
concentration. KF [(mg/g)/(mg/l)
N
] and N are the Freundlich sorption coefficient and the 
Freundlich exponent, respectively. The Freundlich sorption coefficient (KF) and Freundlich 
exponent (N) for azo dye-KVW-AC system was calculated by fitting the sorption data in 
equation 6.8 (Fig. 6.8). The Freundlich model showed a good fit with the KVW-AC 
sorption system. It was observed that the KF (Table 6.2) decreased with increase in pH 
while the Freundlich exponent was almost constant. 
 
 
 
pH = 4.0 pH = 5.0 
pH = 6.0 pH = 7.0 
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Figure 6.8: Freundlich adsorption equilibrium model 
 
6.3.2.2.3. Temkin model 
Temkin isotherm assumes that the decrease in the heat of adsorption is linear and the 
adsorption is characterized by a uniform distribution of binding energies. The Temkin 
model can be explained from equation 6.9 [Temkin and Pyzhev, 1940]. 
C
b
RT
K
b
RT
q Tt lnln         (6.9) 
Where, C (mg/l) is the aqueous phase concentration, qt (mg/g) is the solid phase 
concentration, KT (l/mg) is equilibrium binding constant, b (J/mol) is related to heat of 
adsorption, R is the gas constant (8.314 J/mol/K) and T (K) is the absolute temperature. 
The equilibrium binding constant (KT) and b for azo dye-KVW-AC system were calculated 
by fitting the sorption data in equation 6.9 (Fig. 6.9). It was observed that the KT value 
reduced while the b value increased with pH. Based on the calculated values of constant 
related to heat of adsorption (b) it can be Interpret that the heat of adsorption increased 
with pH which can possibly be improved with decrease in temperature. 
 
 
 
pH = 4.0 pH = 5.0 
pH = 6.0 pH = 7.0 
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Figure 6.9: Temkin adsorption equilibrium model 
 
6.3.2.2.4. Sips model 
Sips isotherm model is a combination of both, Langmuir and Freundlich models and 
describes the heterogeneous surfaces better. At low sorbate concentrations it reduces to 
Freundlich isotherm and at high concentrations it predicts the Langmuir model. The model 
is explained by the equation 6.10 [Sips, 1948]. 
m
s
m
ss
t
CK
CKq
q
1
1
1
         (6.10) 
Where, qs (mg/g) is monolayer adsorption capacity and Ks is Sips constant related to 
energy of adsorption. A power fit (Fig. 6.10) over the sorption data for the dye-KVW-AC 
system was applied to calculate the parameters shown in table 6.2. The exponent 1/m is 
close to zero, which proves the dye-KVW-AC system to be more of Freundlich model than 
to Langmuir model. 
 
 
pH = 4.0 pH = 5.0 
pH = 6.0 pH = 7.0 
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Figure 6.10: Sips adsorption equilibrium model 
 
Table 6.2: Comparison of adsorption isotherm model parameters 
 pH = 4.0 pH = 5.0 pH = 6.0 pH = 7.0 
Langmuir isotherm     
qmL (mg/g)  0.794 0.903 0.887 1.035 
bL (mg/l) 0.414 0.531 0.783 0.581 
RL 0.194 0.158 0.113 0.146 
R
2
 0.432 0.355 0.337 0.533 
Freundlich isotherm     
KF ((mg/g)/(mg/l)
N
) 6.896 6.566 6.302 5.731 
N -1.230 -1.303 -1.206 -1.406 
R
2
 0.781 0.844 0.784 0.885 
Temkin isotherm     
b (J/mol) -942.439 -1027.382 -1202.454 -1228.250 
KT (l/mg) 0.086 0.081 0.076 0.073 
R
2
 0.956 0.941 0.919 0.949 
Sips isotherm     
qs (mg/g) 1.575E-3 1.557E-3 3.98E-4 1.19E-3 
Ks ((l/mg)
1/m
) -0.998 -0.999 -0.999 -1.000 
1/m 1.28E-3 8.36E-4 2.57E-4 4.48E-4 
R
2
 0.372 0.554 0.339 0.496 
 
6.4. Conclusions 
The char produced from pyrolysis of KVW was converted to activated carbon and tested as 
an adsorbent for removing an azo dye (acid black 10B) from aqueous solution. Batch 
sorption experiments showed that the pyrolytic derived activated carbon was able to 
remove dye from the aqueous solution. The sorption data was verified with four non-linear 
kinetic models and four non-linear isotherm models. The models were ranked based on the 
statistical analysis tools. The dye-KVW-AC sorption system is best described by pseudo-
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first order adsorption kinetic model. Temkin isotherm model  fitted well with all the 
experimented conditions evaluated. 
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7. Conclusions and future work 
 
7.1. Conclusions 
The pyrolysis of three types of waste, kitchen based vegetable waste (KVW), plastic waste, 
and activated sludge were investigated over a range of conditions. Pyrolysis of selected 
mixtures of the aforementioned wastes were also investigated. The main conclusions from 
the research conducted on the three types of wastes investigated as follows: 
 
Kitchen based vegetable waste: 
 Gas yields increased significantly with increasing temperature and increasing 
retention time. The maximum gas yield from pyrolysis of KVW was obtained under 
the following conditions: 1073 K and 180 min (260 ml/g). 
 The addition of silica and sand improved the quality of the pyrolysis gas (with 
regards to hydrogen and methane composition). This was most likely due to either 
reaction between compounds in KVW (or intermediates formed during pyrolysis) 
with surface silanol groups or surface sites that lead to dissociation of compounds 
present in the system. 
 Conclusions based on the product data obtained and assumptions regarding the 
process equipment required showed that: 
o A maximum of 1 MWh electrical power can be generated from the pyrolysis of 
one ton of KVW. (or) 
o A maximum of 95 m3 of gas (composed of hydrogen and methane) can be 
produced from the pyrolysis of one ton of KVW. 
The char produced from pyrolysis of KVW was converted to activated carbon and tested as 
an adsorbent for removing an azo dye (acid black 10B) from aqueous solution. The 
activated carbon was able to remove all of the dye from the aqueous solution under the 
following conditions: 10 mg/l azo dye concentration, 200 mg of activated carbon to 100 ml 
of dye solution, 303 K. Four non-linear kinetic models and four non-linear isotherm 
models were used to investigate the adsorption data obtained. The models were ranked 
based on the statistical analysis tools in origin software. The dye-KVW-AC system is best 
described by pseudo-first order adsorption kinetics. The adsorption isotherm was best 
described by Temkin isotherm model at all aqueous solution pH. 
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Plastic waste: 
The following conclusions were reached based on the research conducted on pyrolysis of 
plastic waste (under the conditions used in this study): 
 The products / product composition generated from pyrolysis of the plastics 
(polystyrene (GPPS) and polyethylene) used in this study varied significantly: 
o Pyrolysis of GPPS led to significantly higher hydrogen and oil yields as 
compared to those obtained from pyrolysis of polyethylene. 
o Hydrocarbon yields from pyrolysis of polyethylene were significantly higher 
than those obtained from pyrolysis of GPPS. 
 Addition of sand reduced the gas and oil yields from pyrolysis of GPPS and 
polyethylene. This was most likely due to the sand acting as heat sink and therefore 
reducing/inhibiting the heat transfer to the plastic 
 
Activated sludge: 
The following conclusions were reached based on the research conducted on pyrolysis of 
activated sludge (under the conditions used in this study): 
 Hydrogen and methane yields increased significantly with increasing temperature 
and increasing retention time. The maximum hydrogen gas and methane gas yields 
were 29.686 ml/g (1073 K, 180 min) and 28.955 ml/g (1073 K, 180 min), 
respectively. 
 The addition of sand and silica reduce the hydrogen and methane yield. This was 
most likely due to the silica acting as a heat sink and therefore reducing/inhibiting 
the transfer of heat to the activated sludge. 
 Conclusions based on the product data obtained and assumptions regarding the 
process equipment required showed that: 
o A maximum of 478 kWh electrical power can be generated from the pyrolysis 
of one ton of activated sludge. (or) 
o A maximum of 31 m3 of gas (composed of hydrogen and methane) can be 
produced from the pyrolysis of one ton of activated sludge.  
 
Mixtures of kitchen based vegetable waste and plastic waste: 
The following conclusions were reached based on the research conducted on pyrolysis of 
mixtures of vegetable waste and plastic waste (under the conditions used in this study): 
 The addition of plastic waste to KVW (15% by wt.) led to: 
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o Significantly reduced ethane and propane yields compared to those expected 
based on the results obtained from pyrolysis of both wastes in isolation. 
o Increased methane and carbon-di-oxide yields compared to those expected 
based on the results obtained from pyrolysis of both wastes in isolation. 
o Reduced the oil yields compared to those expected based on the results 
obtained from pyrolysis of both wastes in isolation. 
 The aforementioned findings were most likely due to 
o The char from KVW Scavenges the free radical intermediates produced from 
degradation of plastics. 
o Radicals produced from the degradation of plastics attack the KVW (and / or 
intermediate products) and produce smaller fragments. 
 
7.2. Future work 
Several areas of interest with significant research potential have been identified based on 
the work contained in the thesis. It is recommended that future research should be focused 
towards the following investigations: 
 Determining the composition of pyrolysis liquid (oil) and its conversion to liquid fuel 
or chemical products. The composition of the oil may lead it to have a potential use 
and may it a valuable product. 
 Investigation of methods / additives that can potentially alter / control the product 
distribution / composition (reaction pathways). This may lead to a better control on 
the process parameters for product selectivity. 
 Extended studies on adsorption behaviour of activated carbon produced from char. 
 Electrochemical activity of activated carbon produced from char and its application 
as capacitors. 
 Effects of other pyrolysis parameters like particle size, heating rate, vapour residence 
time, etc. 
 Extended studies on the effects of mixed wastes on the yield and composition of 
pyrolysis products. 
 Investigate the influence of continuous mode of operation for the pyrolysis of waste. 
The continuous mode has lower energy requirements and the process is faster than 
the batch mode. The products remain exactly the same. 
 Studies on deterioration / fouling of reactor and design of a robust reactor. 
 Cost estimation and plant design of the process towards its economic feasibility. 
  
 
 
8. Appendix 
 
8.1. Energy analysis 
Energy analysis was performed to develop the operating strategy (i.e. what fuel generated 
from pyrolysis would be suitable to generate the heat required in the pyrolysis process (gas 
or steam (generated from char)). Energy analysis was also conducted to determine the 
practical feasibility of the process (i.e. whether the net energy is generated or lost). 
 
For energy analysis calculations the quantity of waste used to determine the amount of 
energy generated (or lost) overall was 1 metric ton (dry basis). The pyrolysis gas and 
pyrolysis oil were the value added products while the energy content in solid residue (char) 
was presumed applicable as boiler fuel for steam generation. The steam could be used as a 
heating source for the pyrolysis reaction and / or produce electrical energy. For conditions 
(pyrolysis temperature and retention time) where the energy required for heating was 
satisfied by the amount of char generated (to produce steam) the system was outlined in 
scheme‒1 (Fig. 8.1) and that satisfied by the pyrolysis gas was termed as scheme‒2 (Fig. 
8.2). 
 
8.1.1. Energy requirement 
The energy required for the pyrolysis process to reach the specified temperature was 
calculated based on the specific heat of the type of waste. The energy required to maintain 
the required reaction temperature was based on the heat loss when the surroundings were 
maintained at 303 K. The waste used in the experiments was sun / air dried and therefore 
the energy required for drying was not included in the energy analysis calculations. 
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Figure 8.1: Scheme‒1 
 
 
Figure 8.2: Scheme‒2 
 
8.1.2. Energy output 
The energy output of the process namely the energy available in the pyrolysis products 
generated can be approximated using the following: 
 
Pyrolysis gas: 
The energy content in the pyrolysis gas (free from CO2) was calculated by substituting the 
hydrogen and methane fraction in equation 8.1. 
 MHVE gasgas  88.357.10      (8.1) 
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Where, Egas = net energy content in pyrolysis gas (MJ); Vgas = volume of pyrolysis gas 
produced (m
3
); H and M are mole fractions of H2 and CH4 in the pyrolysis gas, 
respectively. 
 
Pyrolysis char: 
The net calorific energy available in char was calculated based on its CHNS data and 
equation 8.2. 
 SNHCWE charchar  163.9371.21218.32   (8.2) 
Where, Echar = net energy content in char (MJ); Wchar = mass of char (kg); C, H, N, S are 
the weight fractions of C, H, N, S in char, respectively. The CHNS data of the char 
produced from KVW and activated sludge are shown in table 8.1. 
 
Table 8.1: Elemental analysis data of char 
Source of char Temperature (K) 
Elemental composition (wt%) 
C H N S 
KVW 
673 51.120 4.494 2.980 0.227 
773 42.710 3.915 2.780 0.113 
873 50.680 1.667 2.030 0.322 
Activated sludge 
673 32.483 2.96 5.204 3.251 
773 33.584 2.460 4.792 3.368 
873 35.590 1.453 4.480 3.544 
 
The char produced could be utilized as boiler fuel and hence the total quantity of steam that 
could be produced from boiler was calculated using equation 8.3. The steam pressure at 
673 K, 773 K and 873 K were assumed to be 40 bar, 100 bar and 60 bar respectively. 
 ws
bchar
s
hh
E
m




        (8.3) 
Where, ms = mass of steam produced (kg); Echar = net energy content in char (MJ); ηb = 
boiler efficiency (85%); hs = enthalpy of steam (MJ/kg); hw = enthalpy of water (0.4174 
MJ/kg). The enthalpy of the steam (673 K, 40 bar, 3.213 MJ/kg; 773 K, 100 bar, 3.374 
MJ/kg; 873 K, 40 bar, 3.658 MJ/kg) was obtained from the steam tables. 
 
Steam requirement for heating: 
The amount of steam required for heating was calculated from Eq. (8.4).  
s
reqreq
s
h
Q
m          (8.4) 
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Where, 
req
sm = mass of steam required for heating (kg); Qreq = energy required for heating 
(MJ);   hs = enthalpy of steam (MJ/kg). 
 
Pyrolysis gas requirement for heating: 
The amount of the pyrolysis gas required to supply heat to the pyrolysis process was 
calculated from Eq. (8.5): 
MH
Q
V
req
gas


88.357.10
           (8.5) 
Where, Vgas = volume of scrubbed pyrolysis gas required (m
3
); Qreq = amount of heat 
required for pyrolysis process (MJ); H and M are mole fractions of H2 and CH4 in scrubbed 
pyrolysis gas, respectively. 
 
Electrical power generated from steam turbine: 
The electrical energy generated through steam turbine can be calculated from Eq. (8.6). 
 
6.3
gentws
turb
s
e
hhm
E
 
       (8.6) 
Where, Ee = electrical energy produced (kWh); 
turb
sm = mass of steam supplied to steam 
turbine (kg); hs = enthalpy of steam (MJ/kg); hw = enthalpy of water (0.4174 MJ/kg); ηt = 
efficiency of condensation type steam turbine (50%); ηgen = efficiency of electrical 
generator (95%). 
 
8.2. Mathematical calculations to estimate the product yields from pyrolysis of 
plastics and KVW mixtures 
The yield and composition of various products from pyrolysis of plastics and KVW 
mixtures was estimated based on the ratio in which they were mixed prior to they being 
subjected to pyrolysis. The volume of product (H2, CH4, C2H6, C3H8, CO2 and oil) from 
pyrolysis of plastic and KVW mixture was calculated from equation 8.7. 
  jjiMi WVV ,,         (8.7) 
Where, Vi,M = yield of the i
th
 product (H2, CH4, C2H6, C3H8, CO2 and oil) from pyrolysis of 
plastic and KVW mixture (ml/g); Vi,j = yield of the i
th
 product (hydrogen, methane, ethane, 
propane, carbon-di-oxide and oil) from pyrolysis of j
th
 component (LDPE, GPPS and 
KVW) (ml/g); Wj = weight fraction of j
th
 component in the mixture. 
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8.3. Analysis reports 
 
 
Figure 8.3: Chromatogram of oil from LDPE 
 
 
Figure 8.4: Chromatogram of oil from GPPS 
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Figure 8.5: XRD report of sand 
 
 
Figure 8.6: EDX report of sand 
